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Como resultade degl examen de fondo realizado, con fundamento en el Articulo 45 de
la Decisién 486 de la Comision de la Comunidad Andina, se comunlea;

1. Documontos sstudiados

Descripeién Follos 48 a 88 . 07/Meye/2010

- Reivindicaclones: Folios 89 a 93 Q7/Maye/2010
Dibujos: Foliog 95298 - 07/Mayo/2010
Prioridad: | - US 60 978 303 ' 08/0ctubre/2007

2. Andlisis de la Prioridad

Se acepta la reivindicacién de prioridad porgue esta solicitud fue presentada dentro
del plazo estabiecido (Art. 9 D 488} y su contenido técnico corresponde con el de la
prioridad reivindicada.

3. Objeto de la invencidn

Tltulo de la solicitud: “Formas solidas de acido {8)-2-amino-3-(4-(2-amino-6-((R)-
2,2,2-trifluore-1-(3"-metoxibifenil-4-l)etoxi)pirimidin-4-l))fenil)propancice y métodos
para su uso”.

El problema planteade en esta solicitud consiste en la necesidad de suministrar
formas cristallnas del compuesto 4cido (8)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-
trifluoro-1-(3"-metoxibifenii-d-ihetoxi)pirimidin-4-il)fenil)propanocico  con mejores
propiedades como solubilidad y estabilidad.

Para resolver este problema técnico la solicitud en estudio praporciona un compuesto

cristalino, gue es &cido (8)-2-amino-3-(4-(2-amine-B-((R)-2,2,2-trifluoro-1-(3'-
metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanoico o una sal del mismo.
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E! objeto de la presente solicitud se relaciona con la Clasificaclén Internacional de
Patantes (CIP): CO70237/34, AB1K31/505, AB1P1/00//25/00.

4. Excepcién a la Patentabilidad (Art 20 D 486 literal (d))

El objeto de las reivindicaciones 28-31 no es patentable de acuerdo con el Art citado.
5. De la Solicitud de Patente

Titulo

El titulo contiene el término “métodos para su us¢” que hace alusién a temas que son
excluidos o exceptuados de patentabilidad. Se sugiere eliminar el término de tal
manera que el titulo se ajuste a las categorias de producto.

Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las reivindicaciones 1-4,7 -9, 13 - 14, y 17 no son claras porgue hacen referencia
a una forma cristalina, pero ésta no estan definidas por sus caracteristicas técnicas
esenciales como el patrén de difraccién de rayos X en mono cristal, el patrén de
difraccién de rayos X en polvo (DRXP) con por lo menos los 20 picos
correspondientes a las intensidades de los haces difractados o a los espacios
interplanares dng segun los indices de Miller (hkl) medidos de acuerdo con el angulo
de difraccién de Bragg 20 en el intervalc mas representativo comprendido entre 5*
hasta 90°, las espectroscopias Raman e IR, la espectroscopia RMN- c", o, los
métodos de andlisis térmico: TGA, DTA y DSC. Se solicita caracterizar Ia forma
cristalina de acuerdo a lo que se encuentre debidamente soportado en |la descripcién.

Las reivindicaciones 4, 5, 9, 10, 14 y 15 no son claras cuando emplean el término
“aproximadamente”, "yio" ‘uno o mas”, los cuales son imprecisos, por lo cual no
permiten distinguir la invencion del estado de Ia técnica. Se sugiere sustituirlos por
términos precisos 0 rangos concreto.

Las reivindicaciones 5, 10 y 13 no son claras porque hacen referencia a una forma
cristalina caracterizada mediante difraccion de rayos X an polvo, pero este no cuenta
con por lo menos los 20 picos correspondientes a las intensidades de ios haces
difractados o a los espacios interplanares dng segun los indices de Miller (hkl)
medidos de acuerdo con el &ngulo de difracciéon de Bragg 26 en el intervalo mas
representativo comprendido entre 5° hasta 80°. Se solicita caracterizar la forma
cristalina con por lo menos los 20 picos mencionados, de acuerdo a lo que se
encuentre debidamente soportado en la descripcion.

Las reivindicaciones 6, 11 y 12 no son claras porque hacen referencia a los dibujos

de acuerdo a la expresién, “como el que se muestra en la Figura...". Se sugiere
eliminar la referencia a los dibujos.

La reivindicacién 17 no es clara porque se refiere al compuesto maleato de (S)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3'-metoxibifenil-4-il)etoxi)pirimidin-4-
ilYfenil)propanoato, pero estad redactado como “(S)-2-amino-3-(4-(2-amino-6-((R)-
2,2,2-maleato de trifluoro-1-(3 -metoxibifenil-4-il}etoxi)pirimidin-4-il)fenil)propanoato”.
Se sugiere hacer la correccion correspondienta.

Las reivindicaciones 17 y 20 no estan soportados en la descripcion porque en
ninguna parte de la misma se encuentra que el compuesto maleato de (S)-2-amino-3-
(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 "-metoxibifenil-4- -il)etoxi)pirimidin-4-il¥fenil}propa-

Expediente  10-54926 Ter Art 45




130

noato haya sido obtenido o probado. Se sugiere eliminar estas relvindicaciones del
pliego reivindicaterio.

6. Determinacién del Estado de la Técnlca

El estado de la técnica se determind con base en la fecha de presentacién de la
solicitud de prioridad 08 de octubre de 2007 y se encontraron los siguientes
documentos que anticipan el objeto de esta solicitud;

Item _Documento _ ___Titulo Fecha de Publicaclan’
' Multicyclic amino acid derivatives | P
D‘? .“ WO200?/089335 and methods of their usa 08/Agosto/2007
D2 Libro’ _{_Handbook of pharmaceutical salts | 2002
D3 _ Articulof ' _Crystalline solids i 2001

D1
http://worldwide.espacenet.com/publicationDetails/originalDocument;jsessionid=575E
1CD2973DE1A251B61F8188C28304.espacenet_levelx_prod 67CC=WO&NR=20070
89335A28KC=A2&FT=D&ND=8&date=20070809&DB=&locale=en_EP, divulga (pg.
92, compuesto 538) el compueste dcido (S)-2-amino-3-(4- -(2-amino-6- ((R)-2,2,2-
trifluoro-1-(3°-metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanoico, y composiciones
farmacéuticas que lo contienen.

D2 (fls 137 - 143) divulga acidos y bases empleados en |a formacién de sales
farmaceéuticamente aceptables, asi como el mejoramiento de las propiedades
fisicoquimicas y mecanicas de los farmacos mediante la formacién de sales.

D3 (follos 146 — 157) ensefia que la formacién de hidratos (pseudepolimorfos) es la
formacion de gélides cristalinos en cuya estructura contienen moléculas de solvente
(agua), que @s un trabajo habitual en el campo de prefoarmulacién farmacéutico y que
su caracterizacion se puede hacer mediante difraccién de rayos X en polvo.,

7. Examen de Patentabilidad (Art 14 D486)
Novedad (Art 16 D486)

La reivindicacién 1 consiste en un compuesto cristalino, que es acido (8)-2-amino-3-
(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3’-metoxibifenil-4-il)etoxi)pirimidin-4-ilfenil)propa-
noico 0 una sal del mismo.

Comparacidn de Ias caracteristicas técnicas gsenclales, con las del estado de Ia técnica

Caractoristicas osanclales D1

“Acido (8)-2-amino-3-(4-(2-amino-8-((R)-2,2,2- Acido (S)-2-amino-3-(4-(2-amino-6-({R)-2,2,2-
tritiuoro-1-(3'-metoxibifenil-4-il)etoxi)pirimidin-4- | trifluoro-1-(3'-metoxibifenil-4-il)etoxi)pirimidin-4-
i)feni)propancico o une sal del mismo. | )fenil)propanaice (pg. 92, compusste 538).

e

Las caracteristicas esenciales del compuesto de la reivindicacién 1 habian sido
divuigadas praeviamente an D1, el cual da a conocer el compuesto acido (8)-2-amino-
3-(4-(2-amino-8-((R)~2,2 2-trifluoro-1-(3'-metoxibifenil-4-il)etoxi)pirimidin-4-iffenihpro-
panoico (pg. 92, compugsto 539). Si bien es cierto, no dice expresamente que es un
compuesto cristalino, el solicitante tampoco proporciona las caracteristicas técnicas
esenciales del compuesto como una forma cristalina.

! Handbook of phafmacauhca! salts. Properties, selection and yse, Wilsy-VCH; 2002; pgs. 18, 28,
51-66 162-168, 282 y 309; fls 137-143.

? Viippagunta S, et al; Crystalline solids: Advanced Drug Dalivery Reviews; (48); 2001; pg. 3 - 26
folios 146 - 157.
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En consecuencia, la reivindicacion 1 no es nueva, segun lo divuigade en el
documento D1.

La reivindicacion dependiente 18 no menciona alguna caracteristica que haga nuevo
al compuesto de la reivindicaciéon 1, por lo cual 8e considera que no es nuava.

Nive! Inventivo (Art18 D486)

La reivindicacién 2 consiste en un compuesto cristalino que es tosilato de (8)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 -metoxiblfeml-4 il)etox!)pirimidin-4-
ifenil}propancato.

La reivindicacién 8 consiste en un compuesto crlstalmo que es tosilato de (8)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 -metoxibifenil-4-iletoxi)pirimidin-4-
il)fenil)propanoato monohidrato.

La reivindicacién 13 consiste en un compuesto cristalino que es tosilato de (S)-2-
amino-3-(4-(2-amino-8-((R)-2,2,2-triflucro-1-(3'-metoxibifenii-4-il)etoxi)pirimidin-4-
ihfenil)propanoato dihidrato.

l.a reivindicacién 17 consiste en un compuesto cristalino que es maleato de (S)-2-
amino-3-(4-(2-amino-8-((R)-2,2,2-trifluoro-1-(3'-metoxibifenil-4-il)etoxt)pirimidin-4-
ilYfenil)propanoato.

Comparacion de las caracteristicas tecnicas esenciales, con las det Estado de |la Técnica:

Caracteristicas esonciales D1 . b2

Tosilato de (S)-2-amino-3-(4-(2-amino-
6-{(R)-2,2,2-trifluoro-1-(3"-metoxibifenil-
4-ihetoxi)pirimidin-4-ilYfenil)propanoato

Tosilato de (8)-2-amino-3-(4-(2-amino-

6-((R)-2.2.2-trifluoro-1-(3 -metoxibifenil- Acido (8)-2-amino-3- | Acldo p-tolusnosulfénico como

) e A (4-{2-amino-8-((R)~ acido para formar sales
‘rtg)ne;ﬁﬁ)rgltgmidm"‘ feni)propanoato 2 2,2-trifluoro-1-(3'- farmacéuticamente aceptables
Tosilato de {S)-2-amino-3-(4-(2-amino- :S:ttg::)béfﬁmjn 4 (pg. 308, 1l 143).

6-((R)-2,2,2-trifluoro-1-(3 -metoxibifenil-

4-il)etoxi)pirimidin-4-il)fenil}propanoato Ihfenil)propancico (pg.

82, compuesto 538).

dihidrato

Maleato de (S)-2-amino-3-(4-(2-aming- : cido maléico para formar
6-((R)-2,2,2-trifluoro-1-(3 -metoxibifenil- sales farmacéuticamente
4-il)etoxiypirimidin-4-il)fenil)propanoato ‘ aceptables (pg. 202, fl 143).

Eldocumento D1 se considera ¢l estado de la técnica cercano a la invencion definida
en la reivindicacion 1 porque divuiga el compuesto acido (8)-2-amino-3-(4-(2-amino-
6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanaico.

La diferencia entre la invencion, definida en la reivindicacion 1y los compuestos de
D1 consiste en divulgan de manera espacifi ca sus sales tosilato y maleato y los
hidratos de la primera sal. Se aclara, gue aunque en las reivindicaciones se
encuentran los términos hidrato o de forma cristalina, no estan las caracteristicas
tecnicas esenciales que peritan afirmar que los:compuestos corresponden a formas
cristalinas ¢ hidratos del compuesto de la invencién.

El efecto que logra el incluir esta caracteristica es que proporciona sales del
compuesto acido (S)-2-amino-3-{(4-(2-amino-6- ((R) 2,2, 2-trifluoro-1-{3 -metoxibifenil-
4-ilyetoxi)pirimidin-4-il)fenil)propancico.

Por lo tanto, el problema técnico objetivo que pretende resolver esta invencion se
puede formular como la necesidad de proporcionar sales de el compuesto acido (S)-
2-amino-3-(4-(2-amino-6-((R)-2,2,2-triflucro-1- (3 -metoxibifenil-4-ilyetoxi)pirimidin-4-
iYfenil)propanoico.
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Sin embargo, D2 divulga la utllizaclén de acido p-toluenosulfénice y dcido maléles
para la formacién de sales farmacéuticamente aceptables (pgs. 292 y 390; fl 143),
correspondientes a la sal tosilato y maleato, respectivamente. Ademaés, D1 ensefia
gue con los compuestos que alli da a conocer, por ejemplo el écido (S)-2-amino-3-(4-
(2-amino-6-((R)-2,2,2-trifluoro-1-(3'-metoxibifenil-4-il)etoxi)pirimidin-4-l)fenil)propanci-
co, se pueden formar sales farmacéuticamente aceptables que tncluyen gales de

adicidén de acidos como p-toluencsulfénico y maléico, entre otros (pg. 8, Ins 15-31).
Ademas, D2 ensefia gue el mejoramiento de la velocidad de disolucién de farmacos
gue son acido o bases débiles poco solubles es uno de los principales motivos para
la formacidn de sales (pg. 19y 28, fl 137). Ademas, que la selecclén y la preparacién
de una sal adecuada dan la oportunidad de modificar caracteristicas fisicoquimicas y
mecanicas de los farmacos que permiten el desarrollo de formas farmacéuticas con
mejor biodisponibilidad, estabilidad, entre otros (pg. 183, fl 142). Asimiemo, da &
conocer que la eleccién de una sai en particular esta determinada por la acidez o
basicidad del grupo icnizable, la seguridad del grupo potencial para la formacién de la
sal (contra-i6n), indicaciones del medicamento, ruta de administracién y la dosis, ya
gue la mayoria de las sales se desarrollan con el fin de aumentar su solubllidad (pg.
167, fl 143).

Por otra parte, D2 también ensefa que la formacién de hidrato de compuestos es
una practica habitual en el sector farmacéutico, con lo cual también se modlfican
propiedades fisicoquimicas del compuesto en cuestidon como solubilidad, estabilidad,
entre otros (pg. 51 - 66, fls 137 -141),

En consecuencia, la persona del oficio normalmente versada en la materia se veria
suficientemente mativada para utilizar &cido p-toluene sulfénico y dcldo maléico, de
D2, para formar una sal farmacéuticamente aceptable o hidratos de estas con el
compuesto acido (8)-2-amino-3-(4-(2-aming-6-((R)-2,2,2-trifluore-1-(3'-metoxibifenil-
4-ilYetoxi)pirimidin-4-il)fenil)propanscico, divulgado en D1, para llegar as! al objeto de
las reivindicaciones 2, 8 13 y 17 de la solicitud. Por lo cual se consideran ebvias.

Conclusion: las reivindicaciones 2, 8, 13 y 17 cumplen e! requisito de novedad (Art,
18), pero no cumplen ceon el requisite de nivel inventivo (Art. 18).

Puesto que las relvindicaciones dependientes 3, 4,7, 9 12 14, 19 y 20 no
mencionan caracteristicas inventivas adiclonales tampoco se pueden considerar
inventivas.

La reivindieasidr 8 eonsiste en el eampuesto eristaline de ia reivindicacién § gue tisRa
un patrén de difraccién de poivo de rayos X que comprende un pico en uno o0 mas de
aproximadamente 3.5, 7.0, 8.6, 10.8, 13.5, 14.0, 15.1, 17.3 y/o 20.5 26 grados.

La reivindicacién 10 consiste en el compuesto cristalino de |a reivindicacién 8 que
tiene un patrén de difraccién de polve de rayos X que comprende un plco en uno o
mas de aproximadamente 3.6, 8.2, 8.7, 13.1, 14.5, 17.5, 18.0, 19.9 y/o 21.4 26
grados.

La reivindicacion 15 consiste en el compuesto cristalino de la reivindicacion 13 que
tiene un patron de difraccién de polvo de rayos X que comprende un pico en uno o
mas de aproximadamente 8.6, 8.0, 17.2, 17.8, 18.8, 21.6, 25.2 y/o 26.9 20 grados.

Comparacion de |as caracteristicas téenicas esenciales, con las del Estado de la Téchica:

Caracteristicas esenclales D1 B3

Forma cristalina de tosilato de ($)-2-amine-3-(4- | Acido (S)-2-amino- | Ensefia que el fenomeno
{2-aming-6-((R}-2,2,2-trifluoro-1-(3 -metexibifenil- | 3-(4-(2-amino-8- de polimorflamo (formas
4-il)etoxl)pirimidin-4-il)fenil)propanoato anhidro ((R)-2,2 2-trifluaro- cristalinas) es la capacidad
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Forma cristalina de tosilalo de (S)-2-amino-3-(4- 1-(3'-fnetoxibifenil' de cualquier esiemsnto o
{2-amino-8-((R)-2,2,2-trifluoro-1-(3'-metoxibifenil- | 4-il)etox|)pirimidin- | compussto para cristalizar

4-il)etoxi)pirimidin-4-il)fanil)propancato 4-il)fepil) propanoi- | en mas de un sistema
monohidrato co (pg. 92, | cristalino y es un trabajo
Forma cristalina de tosilato de (8)-2-aming-3-(4- comppesto 539). | habitual en el campo de
(2-amino-8-({R)-2,2,2-trifluoro-1-(3"-metoxibifenil- i preformulacion
4-il)etoxi)pirimidin-4-ilifenil)propanoato dihidrato farmacéutico.

Patrén de difraccion de polvo de rayos X para el
anhidrato que comprende un pice en Ung o més de
3.5,7.0,88, 10.8,13.5,14.0,156.1,17.3y/0 20628

arados. Ensefa que la

Palrén de difraccidn de polvo de rayos X para el caracterizacion de formas

é cristalinas para un mismo
monchldrato que comprende un pico en uno ¢ ! .
més de 3.6, 8.2, 8.7, 13.1, 14.5, 17.6, 18.0, 19.9 | MO 8emenciona | compuasto par medlo dol

vio 21.4 26 grados patrén de difraceion da

Patrén de difraccion de polvo de rayos X para el ;aéﬁsen; o:a: un métedo
dihidrato que comprende un pico en uno o mas '

de 8.8,9.0,17.2, 17.8, 18.6,21.6, 252 y/0 26.9
20 grados.

f
Aproximacién metodo problema-solucién para polimorfos (formas cristalinas)
1. Determinacion del estado de la técnica mas cercano;

Eldocumento D1 se considera el estado de la técnica cercano a la invencion definida
en las reivindicaciones 3, 10 y 15 porque divulga el compuesto acido (8)-2-amino-3-
(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 -metoxibifgnil-4-il)etoxi)pirimidin-4-
iNfenil)propanaico (pg. 92, compuesto 538).

2. Determinacion de las diferencias tecnicas de la invencién con respecto al
estado del estado de la técnica mas cercano:

La diferencia entre la invencion definida en las reivindicaciones 5, 10 y 15 y el
eompuesto del documento D1, consiste en que revela de manera especlfica el
anhidrato, monohidrato y dihidrato de la sal tosilato del compuesto de D1,
caracterizado por picos de difraccion de rayos X en polvo.

3. Determinacion del efecto técnico obtenido por las diferencias técnicas de la
invencién con respecto al estado de la técnica més cercano:

Segun la descripcion de la solicitud efecto técnico que logra la diferencia es
proporcionar diferentes formas cristalinas de acido (S)-2-amine-3-(4-(2-amino-8-((R)-
2,2,2-trifluoro-1-(3 '-metoxibifenil-4-iljetoxi)pirimidin-4-ilfenil)propanocico con mejores
propiedades como solubilidad y estabilidad.

4. Establecimiento del problema técnico obJetwo a solucionar con base en el
estado de la técnica mas cercano:

El problema técnico objetivo que pretende resolver esta invencién se puede formular
comno la necesidad de obtener diferentes sales e hidrates del compuesto acido (S)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 -metoxibifenil-4- -il)etoxi)pirimidin-4-il)fe-
nil)propanoico con mejores propiedades como §olubmdad y estabilidad.

5. Comprobacion de la solucion al problema técnico objetivo de la solicitud:

En ninguna parte de la descripcion se encuentra soporte de las propiedades fisicas,
mecénicas o fisicoquimicas superiores de log hidratos de la sal obtenides respecto
del compuesto del estado del arte. Porlo anterlor no se puede comprobar la solucién
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al problema técnico objetivo planteado en la solicitud porque no se realiza una
comparacion técnlca de las propiedades del compuesto de la invencidn y del estado
de fa técnica mas cercano que pueda ser reproducido por la persona del oficio
versada en la materia.

Por lo tanto se puede concluir que no existe un efecto técnico probado, porgue no se
demuestra las ventajas relaclonadas con las propiedades fisicas, mecénicas y/o
fisicoguimicas como solubilidad y estabilidad reclamada en la actual solicitud, con
respecto a ia forma sélida del compuesto divulgado en D1,

6. Evaluar si habria sido obvio solucionar el problema técnico objetivo por la
invencién reivindicada:

De tal manera que la solucidon al proeblema técnico planteado por la invenciédn
reclamada se considera obvia porque la anterioridad D3, ya divulga que las diferentes
formas cristalinas, como los hidratos, para un misme compueste difieren en sus
propiedades fisicas como densidad, dureza, indice de refraccién, compresibilidad,
punto de fusion, entalpfa de fusion, presién de vapor, solubilidad velocidad de
disolucién, y otras propiedades termodinamicas y cinéticas (fl 146, pg. 4), y es
ademas una practica deseable en la etapa inicial del desarrollo de medicamentos,
esto con el fin de hallar la forma mas adecuada y estable del active (abstract).

Tambien es conocido en el campo técnico que los pseudopolimorfos (como los
hidratos) son diferentes arreglos estructurales dentro de un cristal de una misma
molécula o sustancia en cuya estructura contiene moléculas de solvente (agua), por
lo tanto una persona de! oficio normalmente versada en la materia, conociendo que
en D1 ya se divulga una forma sdlida de acido (S)-2-amino-3-(4-(2-amino-6-((R}-
2,2, 2-trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanoico, y que en D3
se conoce que el fendmeno de la formacién de hidratos, esta persona se encontraria
motivada a utilizar métodos como los revelados en D3 para Identificar y obtener las
formas pseudopolimérficas de la molécula en cuestidén, que ademas pueden ser
analizadas por métodos de cristalografla conocidos (fl 153, pg. 18). De tal manera, no
es posible concluir que la obtencién de las formas cristalinas del anhidrato,
monohidrato y dihidrato de la sal tosilato reclamadas en la actual solicltud envuelva
actividad inventiva, como quiera que la molécula misma ya era conocida con
anterioridad; es decir, la formacién de hidratos y la identificaciéon de estas formas
cristalinas reclamadas mediante difraccién de rayos X en polve, no representa un
avance técnico real y tampoco un salto cualltativo a la regla técnica porque el efecto
asociade no fue demostrado en la descripcién de la solicitud, comoquiera que no se
encontré alguna prueba o ensayo que permitiera determinar las ventajas reales de
del anhidrato, monohidrato y dihidrato de |a sal tosilato de (8)-2-amino-3-(4-(2-amino-
6-((R)-2,2,2-trifluoro-1-(3 -metoxibifenii-4-il)etoxipirimidin-4-il)fenil)propanoato con
respecto a la forma sélida del mismo compuesto conocida con anterloridad, que
permita probar, un efecto realmente inesperado asociado a propiedades fisicas y/o
fisicoquimicas como solubilidad y estabilidad.

En consecuencia, una persona del oficio nermalmente versada en la materia,
encontraria la sugerencia o motivacion suflciente aplicando los métodos vy
conocimientos que se tiene sobre el pseudopelimorfismo revelados en D3, a la forma
solida de acido (8)-2-amino-3-(4-(2-amino-8-((R)-2,2,2-triflucro-1-(3"-metoxibifenil-4-
iletoxi)pirimidin-4-il)fenil)propancice o sus sales divulgada en D1, con el fin de formar
el monohidrato o dihidrato de tesilato de (8)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-
trifluoro-1-(3°-metoxibifenil-4-il)etoxi)pirimidin-4-if)fenil)propanoate  tal como se
reivindica. Es mas, ain demostrande mejor solubllidad o estabilidad, estos resultados
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son esperados, son obvios para la persona versada en la materia, pues la obtencién
de mejores propiedades con la formacion de hidratos es ensefada por D3.

De acuerdo con lo expuesto, las reivindicacionfés 9, 10 y 186 no cumplen con ¢l
requisito de nivel inventivo (Art. 18).

Puesto que las reivindicaciones dependientes 6, 11 y 16 no mencionan
caracteristicas inventivas adicionales tampoco se puede conslderar inventiva.

La reivindicacién 21 consiste en un método para preparar una sal cristalina de acido
(S)-amino-3-(4-(2-amino-6-((R)-2,2,2-trifluro-1-(3 tmetoxibifenil-4-il)etoxi)pirimidin-4-il)
fenil)propanocico, que comprende: calantar una solucién que comprende acido (8)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 -metoxublfenil-4 -iDetoxi)pirimidin-4-il)fe-
nil)propanoico y un &cido farmacéutlcamente acaptable para proporclonar una sal de
acido (S)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-triflucro-1-(3'-metoxibifenil-4-il)etoxi)
pirimidin-4-il)fenil)propanoico; reducir la solubilidad de la sal en la solucién bajo
condiciones suficientes para proporcionar una sal cristalina de acido (8)-2-amino-3-
(4 (2 amino-6-((R)-2,2,2-trifluoro-1-(3 -metoxnbtfeml 4-il)etoxi)pirimidin-4-il)fenil)propa-
noico; y aislar la sal cristalina.

Comparacitn de las caracter(sticas técnicas esenciales, con las del estado de ia técnica:

Caracteristicas esanclates D1 D2

Método para preparar una sal cristalina de
acido {S}-amino-3-{4-(2-amino-6-((R)-2,2,2-
triflure-1-(3"-metoxibifenit-4-

Sales de écpdo (S)-2-ami-
no-3-(4-(2-amino-6-((R)-
2,2, 2+trifluoro-1-(3'-meto-
xibifenil-4-il)etoxiypirimi-

Metodo para preparar
ung sal cristalina de
acido maléico (pg. 254-

{l}etoxi)pirimidin-4-il) feniljpropangico, que

comprende: 255, fl 145)

din-4-il)fenil) propanoico
(pg. 92, compuesto §39).

calentar una sclucidn que comprende acido
{5)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-
trifiuore-1-(3"-metoxibifenil-4-
il}etoxi)pirimidin-4-il)fe-nil)propanoico y un
acida farmacéuticamente aceptable para
proporcionar una sal de acido (8)-2-amino-
3-(4~(2-amino-8-((R)-2,2 2-trifluore-1-(3'-
metoxibifenil-4-iljetoxi) pirimidin-4-
ifenil)propanoico;

Agregar acido maléico a
una solugidn gue
contiene el principlo
activo disueito en un
golvente

No se menciona

reducir la solubilidad de la salen la
solucién bajo candiciones suficientes para
proporcionar una sal cristalina de acido (S)-
2-aming-3-{(4-(2-amino-8-((R)-2,2, 2-
trifluoro-1-(3"-metoxibifenil-4-
iljetoxi}pirimidin-4-il¥fenil}propa-noico; y

Dejar cristalizar e

No se menciona compuesto.

‘ —— | ' - -
Aislar 1a sal cristalina. No se menciona Aislar la sal cristalina por

i cristalizacién.

El documento D1 se considera el estado de la té¢nica cercano a la invencién definida
en la reivindicacion 1 perque divulga el compuesto acido (8)-2-amino-3-(4-{2-amino-
6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-if)etoxij)pirimidin-4-ilyfenil)propanoico.

La diferencia entre la invencion, definida en ia reivindicacion 20 y el proceso de D1
consiste en divulgan de manera especifica el proceso de obtencion de sus sales.

El efecto que logra el incluir esta caracteristica es que proporciona un proceso para
obtener sales del compuesto acido (8)-2-amine-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-
(3"-metoxibifenil-4-il)etoxi)pirimidin-4- -ilfenil)propanoico.

Por lo tanto, el problema tecnico objetivo que pretende resalver esta invencion se
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puede formular como la necesidad de proporcionar un procese para producir sales de
el compuesto acido (8)-2-amino-3-(4-(2-amino-8-((R)-2,2,2-trifluoro-1-(3'-
metoxibifenil-4-il)etexi)pirimidin-4-il)fenil)propaneico.

Sin embargo, la formacién de sales de principios activos es una practica comanen al
sactor farmacéutico. Ademas, D2 ensefia que la formacién de sales de &cido se
realiza por la adicién de un acido al principio activo disuelto en una solucidn, y que ia
sal formada se separa por su insolubilidad en el medio an el que se obtiene y que
posteriormente se puede aislar de forma cristalina mediante métodos come la
cristalizacién (pg. 250 -257, fls 144 y 145),

En consecuencia, la persona del oflcio normalmente versada en la materia se veria
suficientemente motivada para emplear los procesos conocidos en el estado del arte
para formar sales de acido, como los que consisten en la adicién de un acido al
principio activo disuelto en una solucién, posteriormente la separacién de |a sal
formada por su insolubilidad en el medio en el que se obtiene y finaimente, alslarla en
forma cristalina mediante métodos como la cristalizaclén, come se ensefia en D2, en
el compuesto divuigado en D1, para llegar agi ai objeto de la reivindicacidn 21 de esta
solicitud, por lo cual se considera obvia.

Conclusion: las reivindicacion 21 cumple el requisito de novedad (Art. 18), pero no
cumplen con el requisito de nivel inventivo (Art. 18).

Puesto que las reivindicaciones dependientes 22 — 27 no mencionan caracteristicas
inventivas adicionales tampoco se pusden considerar invantivas.

8. Conclusion

Los requisitos de patentabilidad de la presente solicltud estan afectados asl:

Item Documento Relvindicaclones afectadas Requisito que afacta
D1 WO02007/089335 1y18 ~ Novadad
D1 WQ2007/085335 2-17y19-27 Nivel inventive
D2 Libro 2-4, 7-9, 12-14 y 17, 18-27 Nival invantivo
D3 Artleulo ] 586,10,11,15y 16 ' Nivel inventivo

En cumplimiento del articulo 45 de la Decisién 486 de la Comisién de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dlas
contados a partir de la fecha de notificacién de la presente comunicacién. En caso de
no dar respuesta al presente requerimiento, o si a pesar de la respuesta subsistieran
los impedimentos para |la concesion, se denegard la patente.

Notifiquese el presente oficio conforme a lo dlspuesto an el numeral 5.2, literal e), del
capitulo quinto del titulo primero de la Circular Uniea No. 10 de 2001.

—
—

JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El anterior requerimiento fue notificade por fljaciébn en lista, de fecha

e ALp 2 2

Elaborade por: Rubiela Pacanchique Vargas Od}
Revigade por.  Jasgualine Alfonso Rozo

Expedlenta  10-84026 1er Art 45



I3+

0y [PUX A JO TOROSKS I} 92 SopuRadap 35310 10 SOURAQIAL AN
o "W poE *Sateq “SPIV [EOBIROTIRGE Y0 272l TORNOSTp PUe Apgmos
ag I sSoepeadap-HE 2 sounwEe Jmdnp smL {6l (8] vonnjossp Snop
5B 02 PIET Teq OS]E AT SHIOY FRS I - 1) S0} Wjes [EounsovmiTgd
%%E%Eﬁﬁﬁ%ﬁaﬂuﬁ&ggﬂag.
980 orSeq Apieaa 30 P2 ADfEom 30 W3 TONTRSTD 30 WemRa0adun

uogpnpenay

o e s e R B S R L

SEONEEAITS
sy AMmmos FIp1IoN S
SmopTIELIS] P05 T
SUOEEIIIo Tomes '1p
. BOTNLI, P
GonosRs VS 0 RORTIOSNq PUE ANTREI0S Jo $uonnay HA 30 DMWY
VR SABTeT CyS Tommtessiq TE

it it

ayey EomEoTSy JO ToSOTAnsedl [E
| SIS YL PUR 'STE TPV JO I0LATGRY wenTpssq ¢
- Aumymog 1B 30 CONVIIINN] 1 SO P
ST =pd g
: sotporg Aprmuies -1 Jo sameed RRUSh ZTT
: ) " Kmwqpugog soosubry jo jesmRmssan 1T
© O soeg IR pUB ‘SSeRg EPWV 10 J0MITRg AMAnos T
- : : . - uomonpamy T .

T

S PR J PR

C mean Ml Paeq ‘mppaferns WL BGY "« Ippadipng nupEg 4Q

‘SPPY JEIM JO uonm[ossy] pue Aquios”

- 7 wydey)

AN

—

¢ e —

oyunis) . wodelug - RieqsLp
RISIPRE - 0L AR - LRBHUEM

HOA-ATUM @

YpUNZ - ERY EdWIY) edmanaft Bepap

s

(-sP3) WNUWIBM °D AL YEIS YIHURH d

T N N e ey e e e T R T K =y
ﬁm,_.,.w\.mmn..aﬁﬁ»g s P A ,J*v.wn\ ALy TR

3s() pue 'uaIdI)AS ‘senadolq -
- SH{ES |BORNAcEULIEYd

10 jOogpUEH

GvdnD Ansnusyy panddy pue aind 10 PG/
oI jeusnewul AR

TEiel muEmn
LS, _.vmv....‘.T
A.-v.u AN




138

Ve et e o R bRt & i it = e Aree—— e ammmn

28 PHARMACBUTICAL SALTS;

mation. Further confirmation of the nawre of the excess solid phase may be
obtained by powder X-ray diffractometry or elemeantal analysis. If the exzess
solid phase is entirely in the free form, the expericuent must be repeated with
a higher solid to sotvent (H;0) ratio until the excess salid contains the salt.
In some cases, complete conversion of the salt to the free form may oceur at
all solid-to-sotution retos, ofien leading to formation of a “gel’. '
As a result of the 2bove phenomenon, in same cases, p attenpt 10 make

a solution of a 1:1 salt at a concentration well beiow the solubility of the salt

(as estimated from the K, value) will ‘be unsuccessful due to precipitation
of ihe free umonized modc To further develop this point Andzrson and
Flora {2] defined the term ‘stoichiometric solubility’. The sicichiometric
solubility of a 1:1 salt is the concentration of salt which can be dissolved in
pure H,0 with no formation of a precipitate of the unicnized free form. The

authors pointed oat thas the difficulties of low ‘apparent solubility” of a sali
due to free form precipitation may be encountered in the preclinical siages

of development when conceatrated solutions in H,;O are required for toxi-

cology testing. However, appropriate pH adjustment .@o&a overcome this -
. problem.

3. Dissolution Behavior of Acids, Bases, and Their Salts

The torm dissolution refers to the overall ptocess by which a solid com-
pomd dissolves in a liquid medium, while dissolution ratz is the Kinetic de-
scriptor giving the Tate at which the dissolation tekes place. The concept of
solubility, on the other hand, implies that the process of dissolution has )
reached equilibrivm, and the solution is saturated. Disdolution rate of solids
is of paramount importance in the development of pharmacentical products -
and quality contrel. Salt formation. is one of the most commonty employed

techniques to improve dissolution of inm.Ew acidic or basic drugs.

. Anumber of theories of the dissolution of solids bave been propased 7 : ..
{281 [3¢]. Bowever, the simple-difusien model may be mnBEn to describe
the dissolution behavior of most u&mﬂnuonéﬂ_— solids in agoeous and pon-

agueous mediz, The diffusion layer model (Fig. 7) assumes that 2 thin film
of saturated solution of concentration ¢, exists at the imterface of the dissolv-

ing solid and the dissobuion medium. The dissolution rats is controlled by |

%%ngamogggcﬂggggﬂgﬁumgﬁsﬁn

bulk solution. The concentration of the solute in the bulk is denoted by &,

As the distance x increasss from x=0 (a1 the sutface of the solid) to x=k (at
the beginring of the bulk sclution), the concentration decreases from c= ¢,

. to c=cy. Beyend x=h, the bulk concentration remains uniform at ¢, In the .
~ simplest form of the theory, following Fick’s First Law, the mte of dissolu-

PROPERTIES, SELECTION, AND USE ‘5

3.2. Solubility

# -
The process of dissolution involves the breaking of interionic andfor

. intermolecular Fﬁ.nmnnonm in tie solid solute, the separstion of the solveni
- molecules from each other to provide space for the solute, and the formation

of interactiens between the solvent molecules and the solute molecules or -
iops. The intermolecular bonding forces in solids inciude Van der Waals fore-
es, H-bonds, and ionic interactions. Wm der Waals forces include dipoie-di-

pole forces, dipole-induced dipole forces, and induced dipole-induced dipole

forces (i.e., London dispersion forces). H-Bonding is the most directional of .

the intérmolecular interactions. The polarity of a molecule can be cxpressed
i terms of its dipole moment. In general, the solubility of a substance in H,0
increases with- increasing-dipole: mement, other factors, such as melting
point, being equal:  the solitte in 2 solution consists of molecutes with a
small or zero dipole TRomexr, it is said to be nonpelar and the intemction bet-
ween solute and solvemt is dominzted by dipole-induced dipafe forces and
Lordoh dispersion-forces. - R -
Tn the case of 2 salf, the atractive force, F, cﬁﬁoﬁ%@mﬁﬁq n.JEwom }
particles or ions is expressed by Coulomb’s law: -

F=g*-gID-d? : B )

where ¢* and ¢~ represent the electric charges on the particies or ions, d is
the distance between them. and D is the dielectrc constent of the swround-
ing medinm with respect to vacuum-for which D=1.

The ioo-dipole interaction is the force tha: dominstes the dissolution of
saits in polar solvents. Jn sgueous solution, the ions are surrounded by (ie.,
hydrated by) as many H;O welecules as possible. The amount of H,O of
crystallization affects the beat of solation. In a crystal hydmite, the 1ons are
already largely hydrated in the crystal lamtice and, consequendy, the ion-di-
pole interaction energy liberated on dissolution is considerably less than thai
of the anhydrous selute during the dissolution process. Mort considerations
of solubility are discussed in Chapt. 2.

In the case of & solid salt, for which the steichiometry is represented by
A_B,, dissolution may be accompanied by dissociatian of the ions which
causes the ions to separate; thus: :

A B, ==mA™ +nB™
The apparent, concentratiop-based, solubility prodmet, X, is given by:
K =[A]"[BY (6}

In the ehsence of added ions, tie solubility of the sohid, defined a5 the jonic
molarity, Le., the number of moles of elscironic charges of each ion dissolved
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54 . PHARMACEUTICAL SALTS:

Solubility can be measured by phase solubility analysis, where an excess
of the solid remains ip equilibrium with the samrated solution [34—37]. The
solution is analyzed by gravimetry, high performance liquid chromatography
{HPLC), or spectroscopy. High throughput methods of solubility determpina-
tion have been developed based on the measurement of the appearance of the
solid phase by nephelometry or by ultraviolet spectrophotometry [38] [39]. In’
all solubility determinations, soluble irnpurities can significantly influence
the measured solubility. For example, in the case of a single-point measure-

meni on a supersaturated solution, if the relatve amount of a drug substence .

of 98% purity is 20 mg/m! in the suspension, 0.4 mg of the impurity may be
dissolved, If the solubility of the drug substance is 1.0 mg/ml, an apparent
solubility equal 10 1.0 +0.4=1.4 mgfml will be found, wheress, if the solu-
bility of the drug substance is 0.5 mg/ml, the appareni solubility will be
0.5+0.4=0.9 mg/ml. This discussion highlights the relevance of the condi-
tions used by comparing solubilities. Figs. § and 9 emphasize the influence
of both impurities and pelymorphism [35]. .

In the case of salts, the relationships are more complex because a salt may
be partially dissociated. By measuring the solubility in buffers, the possibil-
ity of the salting-out effect {and less frequenily, the salting-in effect) must

-also be-considered, For polybases or polyacids, there are pH domains of

stability for each species, and the pH-solubility profites should be measured.
The pH profile of a base or an acid may be calculated on the basis of the
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Fig. 8. Phase solubility analysis of 7-(2-hydroxypropylitheophylline in AcQEs, showing the in-

Jluence of impuritias in increasing the wial solubiliry. Increasing imnpurity content of the five

samples used in the swdy is indicated by the increasing gray intensity of the data points. Be-

low saturaton, the data points lie on line y = x indicating SEER_W dissolation of the sample
added to the solvent {redrawn from [35]).

PROPERTIES, SELECTION, AND USE 55
14 |

=
&
2=

[=
23
28
= o
oy
=,
=&
£5
mm o®
m @
Q
(&)

0 20 40 60 80 100 120 140

. Total oo:nm::mmm: x of substance added ?_E_n solvent)

Fig. 9. Phase solubility analyris—transformation of a kigher solubl into o Fﬂ...mor&r form de- __
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¥nown inminsic solubility (the solubility of the undissociated species) and the

pK, (se Chapt. 1 and 2) {38] [36]. By means of recenfly introduced automat-

ed titration methods, the pH profile of the solubility cen be obtained quite
fast (see Chapr, 2). The pH dofnains of stability, mentioned above, are differ-
ent in H,O or in water + liquid media used as. pharmaceatical formolations,
as well as in the solvent(s) of crystallization as defined by the phase diagrams
of cach species with the solvent. Here again, polymorphism and pseudopely-
morphism must also be taken into account. Generally, the solubility in H,O
increases in the rank order: hydrate < anhydrate <solvated Form, bur excep-
tions exist, especially when the transition temperature lies below the ambient
temperature. In organic media, e.g., in alcohols, a hydrated form is usually
more soluble than the anhydrous form. For nedocromil magnesism, the rank
order of the pentahydrate, the heptahydrate, and the decahydrate was not ex-
actly the same for the solubility and intrinsic dissolution rate (IDR) [40}, be-
canse the metastable higher hydeates transform to the stabie pentzhydrars
during contact with H,0 in the solubility measurements.

3.3. Dissolution Rate

The dissolution rate of powders is often measured by Eo.moﬂ.&uccw.w
cell methed as described in Chapt. 2, When comparing different salts, this

7
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After severzl minutes, the dissolution slowed down in order to continue with
the lower rat= of 0.01 mg/minfcm?, resulting from the formation of a hiydrate,
A separate mezsuremnent of the IDR of the hydrate indeed reproduced the
same rate of 0.01 mg/minfem?.

3.4. Heat of Solntion

The eathalpy of the solution process, i.e., the hest of soludon, AH,,, cen
be calculated from the 1emperamure dependence of the solubility as discossed
in Sect. 3.2, This method has been widely used, for example, for etoxadrol
base and its hydrochloride [43). However, Hollenbeck {44] and Burger {23}

consider thet the siope of the linear relation predicted by Ega. 10 is too var- -

iable, and is subject to systematic ermors of several percent due to nonideal-
ity of the saturated solution, resulting in inaccurate determination of both the

heat of solution and the transition point of two forms. The heat of solutton of

substances can be measured directly by solution calorimetry, which clewmly
provides more significant values [18][45]. The difference between the hears

) of solution of the two polymorphs is equal o the wansition enthalpy of the .
. . polymorphs-at temperatures close to amitient. The resalts provide an siternz-
dve to DSC for the discrimination between enantictropy and mouotropy,

when the substance decomposes upon meling. Quantitative anatysis of paly-

morphs, solvates, and amorphous forms ip mixthires has been performed we-

wsmmo_pmonﬁmomﬁng.wEEmmomvo:.Bo%EmE.wemo_nmonS_og
have been reviewed [18]. .

" 3.5. Interaction with Water Vapor

ﬁmﬁ<§nwg§gsgﬂaaﬁo§w§ ‘The vapor

) pressure of FLO at different emperatures has been tabulated At a given t=m-

pevature, the rario, sctoal water vapor presserefsaturated water vapor pesssure
21 that temperatuce is terroed the relanive umidity (th.), given as percemzge of
samretion. The environmentzl humidity depends on 'the weather and climatic
zone and may vary from 10 to more than 75%. This varishility has to be taken
into account when determintng the storege conditions of & salt candidate,
“When a solid is exposed 10 a gas, some of the gas molecules, termwed the
adsorbaze, become attached to the surface of the solid, temmed the adsorbent.

- This process, which is divariant, is called -adserption. When water vapor is

adearbed, the H,O molecules may undergo zny type of inieraction (Vau der
Waals, ion-dipole, and specific H-bonding interactions} with the functionat
groups on the surface of the adsorbeat; they may caise swelling of Eydro-
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" .. Mass change (% of dry mass)
O <+ N W A B OO+ N W R OO

4] Nc 40 T &) BO 100
mmm?d hurmnidity (%)

m.m._w Exampies &!ﬁn..hﬂﬂgg isotharms, &mﬁﬁu%ﬂguﬂcﬂ
sible; b} Descrption exhibits hysteresis,

philic polymers, may induce & phiase transformation of the adsoibeat wo form
a solid hydrate, or may canse 2 hygroscopic adsorbent to form 2 poot of sat-
urated solution by the process known as deflquestence. Water sorption and
desorption isotherms of drug sebstances should e determined, especially if
the solid undergoes a phase change. Hygroscopicky 2nd sorption kinetics
have been- reviewed [46]{47], and the use of water sorption isccherms for
comparisan of sal! candidates has been discussed 48]

I the case of cerntain dregs and excipients as adsorbents for water vapor,
the sorption and desorpdon isothermns may 2ot colncide, giving rise to hys-
teresis as illustrated in Fig. I3. Limiting the sorptios of water vapor from am-
biest air is crucial for mainiaiming the geality of sooe permacenticals du-
Emﬁggu@hpﬁ?c%aﬁan&dwﬂgﬁﬂgg
tures and humidities for differsnt climates is penerzily stedied by gravime-
sry. The humidity for gravimetric studies of wuwer sorption and desorption
can be controlled by saturzied selt solutions {491 or by humdification of a
stream of air or N, to which the solid sample is exposed. In the so-called “dy-
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3.6. Density

is determined by the volume of the unit cell, the number of molecules con-
tained therein, and the molecular weighr Thus, the trze density can be cal-

4. Kinetic Aspects

If phase tansformations were based solely o thermodynarmic rules, sta-
ble crystal forms should be obtained quira easily. However, kipetic factars

LR IR SR A 1 A

'.;m.ir.'a\r:imh;mfz-m‘-we.';-»s»‘a'srw.-:;.- o

ble state. The aclivatipn energy, F, is related 1o the Tate constant, k, of the -

" wansformation by the well-known Arthenius equstion:

The infhuznce of nuclei (seed cryatats) of the stable form in a samgle of -

@ metastable form is demonsiated iu the following ‘examalé., For gty sub-

Stance exemplified in Fig. 12, two batches of the metastable form were s10. -
red ander differant corditians for stability testing. The DSC scans showed
that the second batch contained waces of the stable form, whereas no smble -

Tablr 2 semmarizes solubility measuremans on four forms, A B, C, snd
D, of MKS 497 pc functious of time and 2 different temperatures {60], Afier
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. . - and growth [65] [60). Difficaliies in obtaining crystals of 2 particuler foun,

’ cipitatiop, dryisg, milling, freeze dryirig, or shock cochng from the melt.

~ atures shove the c glass ransirion emperature, which is depressed by the pres-
o ence of H;0. The amorphous form may arystailize imo ome or another of dif-
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[ 4.3.5. Besic Physicochernical Properties of the Hydrobremmide RPR200765E
!
|
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\ moe&ﬁq of 3 4.3.6. Discussion of Results
c Borderfine of H 3. Optimizzton ~ Second Phase: Dmg-Substance Form for Preclinical Developmees
Matas! mmw v . 6. Optimization ~ Third Phese: Drug-Substance Form for Chinical Development
\ \ - . 7. Optiziizarion - Fourth Phase: Drug-Substance Form for Marketing
i ! REFERENCES
Supersaturation 3 i
Metastability : ;
Zope h 1. Introdoction

-
-
——

---—

Until ¢a. i5 years ago the drug discovery processes adopeed by phanms-
* coutical companies involvad the screening of large numbers of cosapoads
thet had been synihesized by the company’s research lsboratories over masy

years. Alternative sources of compounds were also available 1o somes compa-

amnm from university laboratories, of as exoracts from 4 multtude of pamwal

ources. In the last 15 years; there hes beea a rapid change towards the use.

mnaBE atofial-chernistry techniques which are now being nsed Toutinely

to prepare many thousands of compounds per yeer. As described in n Chapt 6,

. these compounds are generslly digsolved in d@methyl suifoxide (DMSO) t

I ensble screening for activity fu &n enzyme- or teceptor-based assay system.
HE:& sereening veually involves & highly automated “high throughput scosen”

" (HTS). If the nurmber of *hits’ found is Yrge, the numbers are usually refined

by & more mvolved and specific ‘low throughput screen” (LTS) and cither se-

lection processes, uotil a cupageshle number of ‘lzeds’ is gvailable. Ofien, .

ﬂua ula N: .

Fig. 18. Crystalifzation g supersaturated solution by cooling. Frot of solubility ¢, wi. temy
xﬂE«n&.gv&wEﬁnﬁﬁbhﬁgwg&&nE curve of form B lo-
cated within the nuua_ﬁgggubﬂngiﬁgmﬁ

" trapsformation imo the stable form is limited by the kinstics of dissolstion

which were obtained at an eardier time are discussed © wgﬂﬁmmg. k
[67}.

several of these ‘leads’ show only moderate sctivity, and further stuctura) re- -
Amorphous ar partiaily ggé&mﬁ&«gg very rapid pre-

finement and optimization is invarisbly necessary, using 2 mixture of com-
uﬁggﬁamﬂgnggﬁonﬁﬁéggﬁ a smaiier
i Sumnber {(rsually 1 -5} of highly active potential ‘candidates’ remein,
_ These ‘candidates® are 2sually relatvely impure free bases, free acids, or
seutral molecules, and are often amorphous. Because they sre dissolved ol
stored in DMSG prios o being used in screcring procedires, there i 5o need
10 ensuze that they are erystailine. Also, the preparation of any saits of thegs
compounds is mrely necessery asthe seutral/covalent molecule uspally ox-
hibizs better solubility in both DMSO and the assay system 1o be used by the
pharmacology group. As can be seen readily, these new procederes fevor fipo-
philic molecules, whereas the majority of marketed drug substances zre hy-
drophitic. gﬁ&@ﬂoﬁéﬁémﬁﬁﬁﬁ&ﬁﬁg
and the vast mujority mghggggﬁhwi&mﬁgﬂ
years before the advent of “combinatens] chamistry’.

Because drug substzmoes are designed to bind with & & receplon, enryms,
grotein eic., they pormally possess several functions) groups capable of by-
drogen bording. Sume of thess functions! groups mzy pgive patential for sa¥t

Often, the presence of seeds of a crystalling form in the amerphous bulk rap-
resent & ‘memory’ of the crysiplline siste especially after drying solvated
forms. Amorphous su g»ﬁmﬂﬂm&@mﬁcﬂgﬁ&@g e high sol-
ubility and bioavailability, and good tablexi hmqpﬁﬂnnn but are difficait to
mill. Amorphous forms are usually less stable chermically apd physically dne
to their molecular mobitity; ggasguuﬁsﬁaﬁehog
upon storage, humidification, and keating.
gﬁﬁn@%ﬁﬁﬁ%ﬁﬁ%ﬁu&ﬁ&hﬁﬂ&#ﬁﬂ%

ngag_gggmgshgﬂgﬁng as was ob-
served in the case of indomerhacin [7] [68]. The amorphons content of mi-
gggﬂ&aggﬁgﬁgggg
and consequenty increases the particle size, 8s demonstrated by Otsuda: (651,
The EEE&EBEE%EREB%E%EBE
{76].
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lists thet are availsble in the literature {2]{11-13] (sz= alsy the webles in n..,w
1 Microaczie screenig tor i the Appendiz). Based vpon siudies on numerons condidates over more dom ,.m
Primary Sat poasiuie st farmation 10 years, it is our considered opimion that, for the formation of a smble selr, 3
ey . I there should be a minimum diffesence of ca. three units between the pK, B
_ value of he ionizable group and a possible counter-ion. This is especially so —
when the drug substance is a particatarly weak aczd or bese where disprapos- 3
% z mlﬂj%g _ tiomation back 10 the component pats often occurs in sofurien. This thea re- 4
3 FoaskRty 10-50 g scale _ sults in precipitation of the free acid or free base. Occzsionaily, an exception W
K . may be found where a s2lt bas an sccepteble stahility, despite there befng a S
; : smaller difference in the p&, values. o
; Mm.w.m%&m& Tu maximize the smonnt of date obtsined from sma!l quantities of can- B
: Gyiimization Ciscovary Chermiery didate drug sabstances, micro and semi-micro tecimiques bave been devel- o
A fisi Pem | Severs! sxit condidaies . oped end are used regularly within our groups. A microplaie technique hes =
B i o been devised by the Avensis Physical Chemistry proup for rapidiy and qual- =
2 L) Firet Batoh by - itatively soreening s&mnﬁa solid sales can be prepared. This involves dissolv- 4.
4 1 optiotston | e Demopemert _ : ing ca. 50 m of sample in & suimble, volatile solvent and sdding 4 fixed vai- :
. Sacord Phase Ome sali cancidats ﬁomnﬂmguuno?noush ning ce. 0.5 mg of sample, into each glass micro- i
= = . Praclinical $3(mILZGONS. - plate well Concentrated sohutions of each potential countar-iop lo equimaler.  _ - %,
. ¥ Setmty tecing ‘ ] . proporiion, or {f the mo Wo& e could form dodble x triple salts).other appro- 1
3 Bk Syrthacs for doveiopog - - u pritie stoichiometric ratios, are prepared, and a few micolitres of cach is ¢
b T i . Eﬁsqné%wasouﬁmﬁﬁ all the wells in line 1 {*x'~direction)
e - . T L will contnin the sams combination of saruple and cowver-ion §; all the weils
....,n,.., . _ . i ’ ] in lige 2 carmtain the same combination of sample and counter-ion 2, etc. Dif-
H,.”..‘ . m. .mesE . . ferant, potential crystaliizing solvemts can be investigarsd systematicelly in
N | Optorizaron Full scxle dar _ the .‘y"-ditection. The wells are inspected nsing #m invertsd microstope
2 Foudi Phass A P © (Leica, mode! DMIRB) 2t reglar intervals for the appeamnce of crystals or |
3 . - - solid, Oceasionaily, crystallization can be promoted by evaporation of 20
- ,w Fgure. Process of salt E& b ™ - exoess sotvert in some wells nsing a slow strezm of mnw. N; gas. ’
i Once the possible combinstions of counter-ion and solveri(s) are identi- °
.W fied, studies st a slipghty larger scale (vsurlly 10—50.mg) can be mitiated w0
3 ly ane agnin eatered imo the database. The log P value is ususlly descrmned coafinn the formation of £ crystailme s2lt or an apxaphous sofid and s
i concerrently by chromatogrephy using an octanel-feaded HELC colome a stedy of any polymorphism. Thes: studies give 2 lead to the chemist aad
A 1103, ! ez belp in the idenification of fumre problams. Melting points are defer-
a.w mwﬂgamgﬁgmﬁﬁnnﬁw%oﬁbgéwgﬁnﬁ- : mined by bat-stage microscopy, and samples chowing evidenct of hygrosce-
Hm. ' tzkeen ot a scale that excesds 5 g; the primary syathetic am &5 & provide suf- i . picity can be evaloated wsing a dynamic vapor sorpion (DVS) anatyeer
EE ggﬁmﬁgﬁqgsgggggg o Mode] DVS-1, hﬂ?g&aﬁnﬂugv?ﬁg%
un activity is confirmed in these screens, the materiad mmuriaing foom this frst - cient materisi for s preliminery powder X-ray swdy vsing an envirommesisl
,Wi batch i5 usnally forther sub-divided across & smeil suasber of Depapraecis, ] ) chamber (model D3 Advamoe, Bruder Instrigments) to quelitstively determine
e The amonnt of drg sehstance made availalile 1o Physica! Chemisery and the | : the peesence of crystalling o amorphous materisl. Frequently, these studics
Preformadation teams together rarely ¢ exceeds 1 g =pd is oltendess am 05 ¢, can also give infonmation on the existence of sohvates and rydratss, especis-
4 With the pK, value of each ioaizable group in the mojecale knawn, | ly if differencial scenaing calorimetry (DSC; Metdler Toledo DSC, moded
w5 either by experimental determination or by calculation, a fist of potensial salt . ﬁs.nﬁg%ﬂgg&wﬂnﬁﬁ?b&g@gg%aﬁ?
T forming agents (comnisc-lons) can be selectsd, for each curddzpe, baeed on - '
: —
m R -
s — B
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Seiety, Texicology

: Sodivm salt: LDy ip., 600 mg/kg; TDLo: rat oral,

mﬁnﬁmnm.

T CH O, M, 11607

©282(0), 346 (10), 41.1 (20}, 44.3 (23), 475 (30,

. pixisudanal, mnagg thiethylperreine,

Bz @64

Mp. 131°C
Solubility (H,0, g/160 g solution (tamp. [PCljk

54.1 (40), 64.0 150}, 73.9 €80).

Acid: LD,y mouse oral, 2400 mgfkg; mt ozl
708 mp/kp.
Disodium salt: LDy wat oral, 3380 mgike.

9 pfkg in 30 days.

In a-drug-faaleaks study in dogs, acute tubrilar
corresponding w 9 mgkyg melex acid (see Remarks).
Maleats

. boags vzl e . " - [T R B LT SR S
et et el ke A S
i PR e L8 "’mﬂ ."';"!'-‘\ " T el g i

Emolal, timebutioe, timipracsine.

1. Mey potegtinlly. tsomerize to Tumacic acd -

2. In 2 recent oepont §23) maicic ackd could be
made responsible for ecute wbaler necresis n
dops ziter 3 singie peroral dose of & best
substance supplicd a5 £ maleste (pravadaline
maleate} corresponding to a dose of % mplke
maleic acid.

-Mshc AcHd .

..Gan.\J\ooo:

| CyHgOs, M, 13409

PROPFITNTS, SEY PCTIN, AND iIJ58 TR

< 3 m = : 2

g mom CHNS, M, 59.09

pE. ~—133{A) .
Propontics ngmhﬂ!rﬁ%gaﬁnﬁ -

. degree Sawme&m&ﬁrg%wg
: ﬂ?mooan?ﬂ ip, mSEmwﬁmsEmﬁﬁa.
300 mgfkg. .
. Sodium sait: LDgy 1 ooll, 754 mehs L.
.xosﬁﬁgﬁr&ru@@r?m@g
bﬁam?u.na v., 108mefke.

Remadn - Thivcyanate (chodanice, SO i w giwsaologcal .

.= - —sribstance ~whith is dbbjaRoatly spwead io e o
animate aatees. AS an esseatial commtuear of G |
c&.nﬁﬁgﬁﬂEg%a
Qoﬁnﬁﬂnﬁgnmﬁd. :

pansToturaemidfonic Acid

s

xmn\O\ CALO,S, M, 17220

=, 134 (&)

Prapzics Arck : mp. 105-107°C; metastabids form mp.

38 °C; monofydirage: mp. 190—-135"C.
Solubility: irecly ta HyG {—67 g/i6h wil}, sohitic
in B007L, EiG.

Sy, Toascoiopy Aeid: {Dg: vt arzl, 2450 mgits; wooss o,
4N gy
meuse v, 176 mghe.

Eal Tositate {(IAN), torwlsir (LISLA])

Bazerples Bretylivrs, veforeoim, trecsis, pempiine,
sibtzmicillin, saplatast, smexliornzzy,
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252 PHARMACEUTICAL SAITS:

Conversion of a Hydrochloride to the Free Base

The usuz} way to prepare free bases from hydrochiorides and, more gen-
erally from salts, consists in adding an inorganic base (NaOH, K,CO,) and
extracting the free base by means of a water-immiscible organic solvent.

However, under some circumstances it may be desirable to work under an-

bydrous conditious. This can be achieved for example in bringing the hydro-
chloride to react with an HC scavenger such as propylene oxide, according
to the reaction below:

W R

oxu _n...o
m.rq_n.I: Qlo d\ mrz“ + \|A
s Q AR o OH

The !-chloropropan-2-ol formed can be easily removed under reduced
pressure. One of the interesting applications of this procedure is the transi-
ton from hydrobromides, the usual product of demsthylation reactions, to the
comresponding hydrochlorides, via the free base.

Procedure {4}

To a solution of 33 g (13.3 mmol) of h.u-mw&cuw.h.wﬂm&ouwﬁwouﬁ-

" alanine hydrochloside in 150 ml of BtOH are added portionwise over

3 hours 12,5 ml propylene oxide. The mixture is allowed to stand 20 hours
at ambient temperatare (cq. 25 °C). The precipitated crystals are collected
and purified by dissolution in 40 ml of absolute EtOH and inducing the
crystallization by adding some drops of H;0. The yield is 2.15 g of color-
less crystals of r-3-hydroxy-4-methoxyphenylslapine melting at 251—
252 °C.

2.2. Nitrates
- a
Butoconazole Nitrate 8 U@
Femstaf® (Syntex) o 5
. - N o .
Procedure [5] . . ﬁw « HNO,

To a solution of 10 g (ca 0.025 mol}) of butoconazole (= 1-{4-(4-chloro-
phenyl)-2-[{2.6-dichlorophenyl)sulfany|Jbutyl }- L H-imidazole) base in 300 mi

" of dry Et;0, 70% HNO; (d=1.42) is added dropwise until the precipitation

is complete (ca. 2.2 ml}. The resulting nitrate salt is recrystallized from ace-

y
£
=Y
S
&
-5

S L P e
M ik

" . Amphetamine Phosphate
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tone/AcOEt 1o give butoconazole nitrate as colarless blades; yicld: 9.6 g cor-
responding to ca. 80%.

2.3, Phosphates

. NHa
Procedure {6} Gty
Amphetamine (= a-methylbenzeneethanamine; {35 g, 1 mof) is stizred
into 300 m! of acetone in a stainless-steel vessel. To the resultant selution,
115.3 g of 85% H;PQ, (containing 1 mol of HiPO,) are added under con-

" stant agitation, care being taken to avoid any suddes rise in tCmperature or

local overheating due to the coasiderahle amount of heat that is &volved. Dur-
ing the addition of the H;3PO,, a fine, white, ffocculent precifitate appears,

_ed acid increzses. When the entire quantity of the H3P0, has been added, ag-

itation of the mixture is continued for ca. ¥ hour or moee 1o igsure complete
conversion. The precipitate i3 then allowed to settle, the supersatant liquid is

* . discarded, and the residue is filtered. The precipitate thus separaied may, if

desired, be washed with ecetone and is then dried by evaporation ® constaat
weight, providing a fine, white, impalpable powder, which consisis of pure
monobasic ampheiamine phosphate. ;

Dioxyline Phosphate
Paverif® (Lilly)

Procedure (7]

A solution of 5g of 6,7-dimethoxy-3-methyl-1-{4—cthoxy-3-methoxy-
benzyl)isoquinoline in 100 ol of EtOH is treated with 2 sotution of [.5g of
H,PO, 1n 10 ml of EtOH. Thereafter, 10 mi of H,0 are added o effect com-
plete solution, 2nd the reaction mixture is then cooled, #d Et;0 is added,
until precipitation of the salt is complete. The precipitzte of 6,7-dimethoxy-
3-methyl-1-{4-ethoxy-3-methoxybenzyl)isoquinokine phosphate is fhered
off and recrystallized from 85% EtOH by the addition of 2 volumes of
Es0O.




C T Wi} y) (oodlonRAda il e} ) AL

_aac/\/uoq @ {11) aumpavesd
Jf -
. . mﬁu&beg& QEEG

L0
HOOD - . .
av._lez_ . {parifBais) Gruoosy

woo o~ Fmamy AnoNFRG

senaEy, LT

©DeSLOW
SR WOy PITHTRRAIG 91 RND AR AAGR0T [y Sumres pue Sonedfg
DORONS JATY T FIESAT) JIRIED WR CSED MEes 10 SUpURls RyYY W
-208 TErE4 30 FO GF U1 PEE MNP JO S L J0 DOTARS € pIppE ST AWAseNrazog

- a0 g AxoupforrAnem)-¢}-7 PRSP Ermes-gin 3o 301 oL

n..u/_ i : {21} ampaaaug
o4 - THO N NN (pounuopy) poznag
. & ;b NDAND) IWIpUDIng

| sEmD 9T

D611 - LTE TIN (1223 3P

.ﬁfuzﬁaﬁﬁ&.ﬁw@ﬁ%m:mgﬁsu._owﬁ&%*éud

gu&amﬂggﬁhgﬁmﬁmgﬁg & WIOYY TGHEZHTESAD

. éﬁawmbquoﬁ%vﬁguamEvoz&wﬁmmBqﬁﬁBuﬁuﬂ
“amssad paoTpRY WOTH PABIRI0D STa BORN0S L :EmoﬁmOﬁBE,
o gﬁnﬁﬂhmoc ‘2 ¢5) P Ewsﬂgﬂ&mﬂgguﬁmoﬁ '

ayposqe 10 T0 GET ©1 PRAOSSp St (10w 62800 ‘2 6'i¢ ‘ovepsw| juagd

sining Pyl

.Uowz g1l ﬂuﬁuﬁﬁ&ogﬁﬂgoﬂ
nﬁ%unﬁﬂmbuégvﬂﬁ QM UI NUIA{OS ST JO [ G WOL
E%Eﬂgﬁiggwgmﬁgvﬁ nopdmoes 51

= ASN ANV ‘NOLLDSES "STUId0Ed

=momEAYERAD (oun amedmn meda 1 ey puE ((14-DOSY) Awece [idaxd

| 05330 (O 07 W pRAtossTp e (3 §'1) pe oo pe (3 £'y) (ummeuedandg
- %ﬁz&.ﬁﬁa&ﬁﬁ.wi =)  cumwesmadoiaxa-(+) .

. for) amps 20id
m i Suasmpg) esu:@sao. :
&u&u& summmpydioporay -

D tsi— 5 G s SseaTwIp uﬁzu_a o

) aFAOIE HOAWAEOOY T2 [l wnpad paIsop s sypasinal pue aEidn

-qud Funnsss o XLT THOOV W PRAIOSSTR PR J[ez Jo 3 o' J0 nonnjos

| = PR 4@0ev 1o [ ¢ v ompuAdig-z 1 indanopkofy slezusg-He-(aumpnd
..Tuaﬁau_heua -THIT-0RAGP-1T'9 P 9 ¢'p Sumemos vommiOs 8 0L

E ampaoold .
L HOGD. M -
Y  (Bupaayas) gpuruado
HooD™ T H T NSO JUFRDTY
SHIEI "ST

Do BET

—~gg] 1t SAT ARWIONSTP PR I (NIFN) SUTCRIE JO W §OGT Wi von

—eznreiskaoar 1V (3502 ‘P1RM) § 957 91 STsAa parmaTIed o 30 1giea S,

T30 T8 WSILIOA0 PUEIS 0O PAMO]fe ST AUMXFA 51 “SITHIESAID I[Es palssp

21p o armariedm) oot 8 PRGN ST RORmIEE 3], "Su0iedR JO (W 000y

U1 proe amwtoons jo § gi1 Jo vomnies € a1 Jullus M PIPPE SI SMOIIIE JO

T 005 O 95eq (Aupmmpousgd-fp1-{(Aysueonlyin)-Z-(1Adoud 14 1 -urzerdid
-IAR(A-7-wexop-¢ 1)-2)-¥] -£)-01 =) SurzemIngexo § £GT JO TOTA0S ¥

oo [3) ampasoig
D OO0y

{(uprmg)} gruwmfreg

Ao\/_\/\ 239N GTUHETO)

SAEUDONS PL

‘SETVS TVOLLNED YR VHA 14T

’ . it R0




256 PHARMACEUTICAL SALTS:

Procedure {13]

N.N.9.5-Tetramethyl-3H-acridine- 10-propanamine (43 g) is dissolved in
229 m) of 1IN agueous (4)-tartaric acid, aad the clear solution obtained is
evaporaled to dryness under reduced pressure, The residue is dissolved in

150 ral of 90% EtOH. The solution gives after cooling, the corresponding tar- -

trate as white needles. The salt contzins ! mol of tartaric acid per mol of the
base and is easily soluble in cold H,0. M.p. 135- 156°C.

2.8. Gluconates
o HOOG
Dexchlorpheniramine Gluconale THe oH
Polaramine® [Gluconare] (Schering) z/nzu oH
. . HD
N

OH

Procedure (10] ==

OH

D-y<(4-Chlorophenyl)-N.N-dimethylpyridine-2-propanamine. {10 g) -and-

. 6.5 gof p-gluconolactone are mixed inn 507 of 50% aqueous EtOH and kept
at 50°C for 2 hours. The solvent is then reshoved under reduced pressure to
Ieave the desired sait as viscous colorless oil. -

2.9. Lactobionates

Erythromycin n.b.nEEemEn
Erythrocin laciobionate® (Abbotr)

Procedure [14]

A solution of erythromycin base is prepared by dissolving 8.0 g of erythro-
mycin in 25 ml of zcetone. One the other hand, a solution of 4.0 g of d-lacto-
bionolactone is dissolved in 25 ml of H,Q, providing the free lactobionic acid
(=4-0-f-p-galactopyranesyl-D-ghucenic acid). The two solutions are mixed
and evaporated to a gummy residue, which is dissolved in 60 ml of H;0, and

insiinavinl! gymiheY
- Txagm inhd

 Procedure {15)
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the resulting solution is frozen and dried in vacuo by lyophilization. The
dried residue of erythromycin lectobionate (11.7 g) i= a white amorphous
powder with solubility in HyO of ca. 200 mg/ml. M.p. 145—150°C.

© 2.10. Lauryl Sulfate Salts

: S&BS%S Estolate hmc_nra:ca.s wahS:Rn Laurylsulfate)

HMosons™ AUGR&

Monopropiorylerythromyein (16.7 g) is dissolved in 50 ml of warm ace-
tone. To the solution is added sodium lauryl sulfate (6.4 g), dissolved m
50 m! of distilled H,0 containing 2 mi of glacial AcOH. The white crystal-
line precipitate of monopropionylerythromycin lauryl m..__mmn separated is G-
tered off and dried. Mip. ca..135-137°C.

2.11. Glutamates

Arginine Glutamat “sz .

ne (] - COOH

Modamaze® (Abbor) Hat nw<:w_z\
“00C. o~ COCH

Procedure {16] /\.Tuz\

This water-soluble salt may be prepared by mixing L-arginine with t-glo-
tzmic acid in H,O and crystallizing the resulting salt by the addition of a po-
lar water-miscible crganic solvent For instance, when 17.2 g of 1-arginine anc
14.5 g of L-glutarmic acid are dissolved in 155 g of H;O, a clear homogeneous
solution results, which has a pH of 5.3. After fitration, this solution is concen-
trated at 50 °C under reduced pressure to a solid content of ca. 45%. Absolme
MeOH (220 g) is added, and this mixwre is cooled to 3°C for 1 bour. The-re-
sulting solid salt is removed by filtration and washed with absolute MeOH. The
salt is left to become ajfr-dry and is then forther dried in a vacuum oven at 60 °C
for 3 hours. Thus, 30 g (94.6% of the theoretical yield based on the amounts of

Yeditape Criversies!
Biloi Merkazi
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Abstract

Many drugs exist In the crystalline solid state due to reasons of stability and ense of handiing during the varicus stages of
drug development. Crystalline solids can exist in the form of polymorphs, solvates or hydrates. Phase transitions such us
polymorph interconversion, desolvation of solvate, formation of hydrate and conversion of crystatline to amorphous form
may occur during various pharmaceutical processes, which may alter the dissolution rate and transport characteristics of the
drug. Hence it is desirable to choose the most suitable and stable form of the drug in the initial stages of drug development,
The current focus of rescarch in the solid-state area is to understand the origins of polymorphism at the molecular level, and
to predict and prepare the most stable polymorph of o drug. The recent advances in computatiohal tools allow the prediction
of possible polymorphs of the drug from its molecular structure. Sensitive analytical methods are being developed to
understand the nature of polymorphism and to characterize the various crystalline forms of a drug in its dosage form, The
aim of this review is 1o cmphasize the recent advances made in the area of prediction and characterization of palymorphs and
solvates, to address the current chalienges faced by pharmaceutical sclentists and to anticipate future developments.
© 2001 Elsevier Science BV. All rights reserved.

Keywords: Crystallinity; Polymorphs: Hydrates; Selvates; Formulation; Drug substance; Phase transformation; Characterization
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1. Introduction

Most organic and inorganic compounds of phar-
maceutical relevance can cxist in one or more
crystalline forms. When applied (o solids, the adjec-
tive, crystalline, implies an ideal crystal in which the
structural units, termed wmir celfs, are repeated
regularly and indefinitely in three dimensions in
space. The unit cell has a definite orientation and
shape defined by the translational vectors, a, b, and
¢, and hence has a definite volume, ¥, that contains
the atoms and molecules necessary for generating the
crystal. Each crystal can be classified as a member of
one of seven possible crystal systems or crystal
classes that are defined by the relationships between
the individual dimensions, a, b, and ¢, of the unit cell
and between the individual angles, @, 8, and ¥ of the
unit cell [1,2]. The structure of a given crystal may
be assigned to one of the seven crystal systems, to
one of the 14 Bravais lattices, and to one of the 230
space groups [1]. All the 230 possible space groups,
their symmetries, and the symmetries of their diffrac-
tion patterns are compiled in the International Tables
for Crystallography [3].

The commeon crystalline forms found for a given
drug substance are polymorphs and solvates. Crys-
talline polymorphs have the same chemical com-
position but different internal crystal structures and,
therefore, possess different physico—~chemical prop-
erties. The different crystal structures in polymorphs
arise when the drug substance crystallizes in differ-
ent crystal packing arrangements and/or different
conformations. The occurrence of polymorphism is
quite common among organic molecules, and a large
number of polymorphic drug compounds have been
noted and catalogued [4-7).

Solvates, also known as pseudopolymorphs, are

crystalline sclid adducts containing solvent mole-
cules within the crystal structure, in either stoichio-
metric or nonstoichiometric proportions, giving rise
to unique differences in the physical and pharma-
ccutical propemes of the drug. If the incorporated
solvent is water, a solvate is termed a hydrate.
Adducts frequently crystallize more casily because
two molecules often can pack together with less
difficulty than single molecules. While no definite
explanations can be given, possible reasons include
addutt symmetry, adduct-induced conformation
changes, and the ability to form hydrogen bonds
through the solvent molecules [2,8,9]. Desolvated
solvates are produced when a solvate is desolvated
and the crystal retains the structure of the solvate
[10]. Desolvated solvates are less ordered than their
crystalline counterparts and are difficult to character-
ize, because analytical studies indicate that they are
unsolvated materials (or anhydrous crystal forms)
when, in fact, they have the structure of the solvated
crystal form from which they were derived [ 1].
Bécause different crystalline polymorphs and sol-
vates differ in crystal packing, and/or molecular
conformation as well as in latticc energy and en-
tropy, there are usually significant differences in
their physical properties, such as density, hardness,
tabletablhty, refractive index, melting point, enthalpy
of fuswn vapor pressure, solubility, dissolution rate,
other thermodynamic and kinetic properties and even
color [12]. Differences in physical properties of
various solid forms have an important effect on the
proc¢ssmg of drug substances into drug products
[13], while differences in solubility may have impli-
cations on the absorption of the active drug from its
dosage form [14], by affecting the dissolution rate
and possibly the mass transport of the molecules.
These concerns have led to an increased regulatory
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interest in understanding the solid-state properties
and behavior of drug substances. For approval of a
new drug, the drug substance guideline of the UJS
Food and Drug Administration (FDA) states that
““appropriate” analytical procedurcs need 1o be used
to detect polymorphs, hydrates and amorphous forms
of the drug substance and also stresses the impor-
tance of controlling the crystal form of the drug
substance during the various stages of product
development [11]. It is very important te control the
crystal form of the drug during the various stages of
drug development, because any phase change due to
polymorph interconversions, desolvation of solvates,
formation of hydrates and change in the degree of
crystallinity can alter the bioavailability of the drug.
When going through a phase transition, a solid drug
may undergo a change in its thermodynamic prop-
ertics, with consequent changes in its dissolution and
transport characteristics {15].

Various pharmaceutical processes during drug
development significantly influence the final crys-
talline form of the drug in the dosage form. The
various cffects of pharmaceutical processing on drug
polymorphs, solvates and phase transitions have been
described in detail by Brittain and Fiesc [16] and will
be discussed in later chapters. Briefly, processes such
as lyophilization and spray drying may lead to the
formation of the amorphous form of drug, which
tends to be less stable and more hygroscopic than the
crystalline product. Also, processing stresses, such as
drying, grinding, milling, wet granulation, oven
drying and compaction, are reported to accelerate the
phase transitions in pharmaceutical solids. The de-
gree of polymorphic conversion will depend on the
relative stability of the phases in question, and on the
type and degree of mechanical processing applied.
Keeping these factors in mind, il is desirable and
usual to choose the most stable potymorphic form of
the drug in the beginning and to control the crystal
form and the distributions in size and shape of the
drug crystals during the entire process of develop-
ment. The presence of o metastable form during
processing or in the final dosage form often leads to
instability of drug relecase as a result of phase
transformation [17].

Crystallization plays a critical role in controlling
the crystalline form and the distribution in size and
shape of the drug. The significance of crystallization

mechanisms and kinetics in directing crystailization
pathways of pharmaceutical solids and the factors
affecting the formation of crystals have been re-
viewed in detail by various researchers [12,18,19). A
crystalline phase s created as o conssquence of
molecular aggregation processes in solution that lead
to the formation of nuclei, which achieve a certain
size during the nucleation phase to enable growth
into macrescopic crystals to take place during the
growth phase, The factors affecting the rate and
mechanisms by which crystals are formed are:
solubility, supersaturation, rate at which supersatura-
tion and desupersaturation occur, difiuslvity, tem-
perature, and the reactlvity of surfaces towards
nucleation. The various forces responsible for hold-
ing the organic crystalline solids together, such as
nonbonded interactions and hydrogen bonding, have
been discussed in detail by Bym et al. [2) and Etter
[20).

Various analytical methods are being currcntly
used to characterize the crystalline form of the drug
during the various steps of processing and develop-
ment. These methods have been reviewed recently in
detail by many authors [7,10,21-25], The single
most valuable piece of information about the erys-
talline solid, including the cxistence of polymorphs
and solvates, is the molecular and crystalline struc-
ture, which is determined by singlc-crystal X-ray
diffractometry [2). Powder X-ray diffractometry
provides a “fingerprint” of the solid phase and may
sometimos be used to determine crysta] structure.
Once the existence of polymorphism (or solvate
formation) is definitely cstablished by single-crystal
and powder X-ray diffractometry, spectral methods,
such as Fourier transform Infrared absorption (FTIR)
spectroscopy, Fourier transform Raman scattering
(FT Raman) spectroscopy, solid-state nuclear mag-
netic resonance (SSNMR) spectroscopy, uitraviolet
and visible (UV-Vis) and/or fluorescence spectros-
copy [23] may be employed for further characteriza-
tion, Of special significance are thermal methods,
such as differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA) and optical micro-
scopy using a hot stage [24]. These methods are
almost always employed for further characterization.
Modulated  (temperature)  differential  scanning
calorimetry (MDSC) in combination with DSC and
optical microscopy are able to identify the glass

LY
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transition of amorphous forms with much greater
clarity and allow unique insights into the glass
transitional and polymorphic behavior of drug sub-
stances [26].

Because solid-state NMR spectroscopy can be
used to study crystalline solids, as well as pharma-
ceutical dosage forms, this powerful method is
finding increasing application in deducing the nature
of polymorphic variations [27], such as variations in
hydrogen bonding network and molecular conforma-
tions among polymorphs [28,29] and for the de-
termination of molecular conformations and mobility
of drugs in mixtures and dosage forms [2]. Solid-
state *C-NMR in conjunction with the techniques,
known as high power proton decoupling, cross
polarization (CP), and magic-angle spinning (MAS)
offers information not obtained readily by other
techniques, Recently, two-dimensional '*C-solid-
state NMR spectroscopy has been used to study the
three conformational polymorphs of 5-methyl-2-{(2-
nitrophenyijamino]-3-thiophenecarbonitrile [30]. Use
of two-dimensional NMR and total suppression of
spinning side bands (TOSS) pulse sequences allowed
the separation of isotropic and anisotropic chemical
shifts for the three forms. This is a very powerful
method for analyzing differences in the chemical
envirenment and is finding increased application in
the study of conformational polymorphism,

With advances in analytical methods, the current
focus of rcsearch in the solid-state area is 1o under-
stand polymorphism and pseudopolymorphism at the
molecular level. Knowledge of the crystal packing
arrangements and the various intermolecular forces
invelved in the different packing arrangements will
help in the prediction and preparation of the most
stable polymorphs of a given compound well in
advance, to avoid surprises during product develop-
ment. A current emphasis is on the development of
software to predict crystal structures of polymarphs
from molecular structures. A thorough understanding
of the physicochemical properties of polymorphs and
solvates (hydrates) is of primary importance to the
selection of a suitable crystalline form and develop-
ment of a successful pharmaceutical product. Bray et
al. {31] have shown that, by thorough characteriza-
tion of four different crystalline forms of L-738,167,
a fibrinogen receptor antagonist by various analytical

techniques, it was possible to determine the suitabili-
ty of one or two forms for the development of
pharmiceutical oral dosage forms,

The' present review aims to emphasize the recent
advances made in the area of prediction and charac-
terization of polymorphs and solvates, attempts to
address the current challenges and problems faced by
pharmaceutical scientists and intends to anticipate
future; deveiopment. This review does not attempt to
provide solutions to the problems but attempts to
review comprehensively the advances made in recent
years to help address these problems,

2. Recent advances in the identification,
prediction and characterization of polymorphs

2.1 ?ypes of polymorphism

Ba:sed on differences in the thermodynamic prop-
ertics, polymorphs are classified as either enantio-
tropes or monotropes, depending upon whether one
form. can transform reversibly to another or not. In
an epantiotropic system, a reversible transition be-
tween polymorphs is possible at a definite transition
temperature below the melting point. In a mono-
tropic system, no rcversible transition is observed
between the pelymorphs below the melting point,
Four useful rules have been developed by Burger and
Ramburger [32,33] to determine qualitatively the
enantiotropic or monotropic nature of the relation-
ship between polymorphs. These rules are the heat of
transition rule, heat of fusion rule, infrared rule and
density rule.

If, by use of the above rules, it is established that
the polymorphs of a particular drug are enantiotropic
or monotropic, then the next goal is to define the
thermodynamically stable (or metastable) domain of
each crystalline phase of a substance as a function of
temperature. The plot of the Gibbs free energy
difference, AG, against the absolute temperature, 7,
gives the masi complete and quantitative information
on the stability relationship of polymorphs [22], with
the most stable polymorph having the lowest Gibbs
freé energy. The AG between the polymorphs may
be ,obtained using several techniques operating at
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different temperatures, such as solubility [34] and
intrinsic dissolution rate. Yu [35] has derived thermo-
dynamic equations to calculate AG between two
polymorphs and its temperaturc slope from the
melting data. This method is essentially an extension
of the heat of fusion rule, which is based on
statistical mechanics. Extrapolating AG to zero gives
an estimate of the transition temperature, from which
the cxistence of monotropy or cnantiotropy is in-
ferred. The integration of different types of data
provides the A vs. T curve over a wide temperature
range and allows the conslstency between techniques
to be checked [22]. Another approach to establish the
order of stability among various polymorphs has
been studied using pressure versus temperature plots,
e.g., for sulfanilamide and piracetam [36]. This
approach is based upon QOstwald’s principle of least
vapor pressure, according to which the stable poly-
morph exhibits the lowest vapor pressure. The
accuracy of this approach to cstablish the stability
hicrarchy among the polymorphs has been shown to
be very much dependent on the accuracy of the
experimental data.

In recent years, the main focus of research has
been the characterization of polymorphs arising from
structural differences in the crystal lattice. It has
been established for some time that organic mole-
cules are capable of forming different crystal lattices
through two different mechanisms. One of the mech-
anisms is termed packing polymorphism, and repre-
sents instances where conformationally relatively
rigid molecules can be assembled into different
three-dimensional structures through the invocation
of different intermolecular mechanisms. The other
mechanism is termed conformational pelymorphism
and arises when a nonconformationally rigid mole-
cule can be folded into different arrangements, which
subsequently can be packed into alternative crystal
structures. The distinction between packing poly-
morphism and conformational polymorphism s
somewhat artificial because different packing ar-
rangements impose differcnt conformations on the
molecules, however slight, and different conforma-
tions will inevitably pack differently, The structural
aspects associated with polymorphs have been re-
viewed recently [2], as have the analogous features
of solvate and hydrate systems [3]. In the next

section, the results of some more recent investiga-
tions are discussed,

2.2. Packing polymorphism

An investigation into the structurcs and charge
densities of two polymorphs of p-nitrophenol hag
been performed with the aim of deducing the differ-
ent modes of inter-molecular hydrogen bonding that
lead to the formation of the two structures shown in
Fig. la and b [37], A detailed analysis of the charge
density of the two forms indicates charge migration
from the benzene ring rcgion to the nitro and
hydroxyl groups that accompanics the transformation
of one form into the ether. In addition, polarization
of the oxygen lone-pair electrons was found to be
substantially larger in the crystal forms than in the
frco molecule, resulting in considerably larger dipole
moments in the solid state,

During the study of a new crystal form (form 1) of

Fig. 1. Molecular packing diagrems of the {a) B polymorph of
fnitrophenol, (b) a polymorph of p-nltrophenol, showing 50%
probability displecement cllipsoids (137), reproduced with the
permission of the American Chomical Socicty).
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chlordiazepoxide, it was found that the heat of
transition between the two forms (forms 1 and 1) is
rather modest, and kinetic factors permit the exist-
ence of the metastable phase [38]. Both structurcs
contain four crystallographically independent mole-
cules linked in dimers through hydrogen bonding,
but the dimers are packed differently to yield the two
crystal forms. Because the dimers in the fundamental
units are spaced differently in the two forms, it was
proposed that thc solid-state enantiotropic trans-
formation entailed rearrangement of the dimer units.

A different approach has been taken during an
evaluation of the different structures formed by
sulfathiazole [39]. Using a graph set approach to
classify the known structural differences and simi-
larities among the various forms, it became possible
to identify packing motifs common to three of the
four crystal structures. Fig. 2 shows the unit celis of
the polymorphs 1, I1, IIT and 1V, where molecules are
paired as hydrogen-bonded dimers. At the end of the
process, the authors were able to deduce possible
tinks between the observed patterns of hydrogen
bonding, processes of nucleation, and the crystal
growth observed from a number of solvent systems.
Interestingly, the analysis did not indicate a relation-
ship between the appearance of a particular poly-
morph ftom solution and the growth of its fastest

(b) Form 11

Fig. 2. Unil cells of four polymorphs (I, 1, 11 and V) of
sulfathiazole showing hydrogen bonds, with the dimer structure
clearly discernible ([39], reproduccd with the permission of the
Royal Socicty of Chemistry).

growing surface. Rather, it appeared as if the differ-
ent solvents affected the process of polymorph
formation through their cffects on nucleation of the
various forms.

2.3. Conformational polymorphism

The  conformational polymarphism of the two
forms ‘of piroxicam pivalate has been studied in
detail [40]. This compound is distinctive in that the
high-melting form (polymorph 1) contains an un-
anticipated array of associated molecules bound as
centrosymmetric dimers through hydrogen bonding,
with the amido nitrogen atom acting as the donor and
the pyridine nitrogen as the acceptor (Scheme 1,
structyre 1). The low-melting form (polymorph 2)
contams molecules of two distinct conformational
states coexisting in the same crysta] (Fig. 3), but
linked through different hydrogen bonding arrange-
ments, This latter finding represents another unusual
aspect of the crystallography of the substance.

The inclusion of diffetent solvent molecules in a
crystal lattice can iead to the existence of different
packing patterns, and has also been found to in-
fluence the molecular conformation of paroxetine
hydrochloride in two solvate forms [41]. One form

. \\ "’
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Scheme |. Molecular structure of piroxicam pivalate (1) [40],
5-methyl-2-[2-(nirophenylJamine]-3-thiophenecarbonitsile (11}
[30]) 2'-acetamido-4'-[N,N-bis(2-methylcarbonylethyl)amino]-4-
nitroazobenzene (L11) [48].
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Fig. 3. Conformations of the two independent molecules of
piroxicam pivalate (1) in polysmorph 2. Thermal cllipsoids are
drawn at the 40% probability leve!, and H atoms arc shown as
spheres of arbitrary size ({40], 1oproduced with the permission of
the American Pharmaceutical Association).

was obtained as a hemihydrate, and the other as the
solvate of isopropanol (2-propanol). In the unit cell
of the hemihydrate, one finds two protonated parox-
etine and two chloride ions together with one water
molecule. Interestingly, the two paroxetine molecules
are conformationally nonequivalent, and exhibit o
number of different bond angles and torsion angles.
In the other form, the unit cell contains one proton-
ated paroxetine molecule, one chloride ion, and one
isopropano! molecule disordered along a molecutar
channel. Furthermore, the conformation of the parox-
etine molecule in the isopropanol solvate is different
from either molecular conformation cbserved in the

hemihydrate phase. Crystals of the isopropanol sol-
vate decomposes In the open sir at room tempera-
ture, because the isopropanol molecules arc released
ensily through the channel. The hemihydrate is
relatively stable.

In an impressive fundamental study, the poly-
morphism of 5-methyl-2-[2-(nitrophenyl)amino])-3-
thiophenecarbonitrile (Scheme 1, structure ) has
been catalogued [42,43] und discussed in detail {2].
This compound was crystallized ag six solvent-free
polymorphs, each of which differed in the mode of
packing and in molecular conformation. The differ-
ent conformers yielded sufficiont perturbations on the
respective molecular orbital so that a variety of
crystal colors (red, erange, and yellow) were ob-
served. To obtain a more detailed ovaluation of the
relative stability, the authors considered a partition-
ing of polymorphic energy differences Into lattice
and conformational contributions, and werc able to
deduce general trends that appeared valid in the
absence of hydrogen bonding. The act of crystalliza-
tion was found to feature an interplay of opposing
forces, with perpendicular molecular conformations
being favored in fluid solutions, while a preference
for planar/high dipole conformers oxisted in most
crystal forms, as shown in Fig. 4 [42]. The unusual
polymorphism displayed by this system may result
from one or more of the following factors: the
preference for perpendicular conformations in solu-
tions, the preference for planar/high dipole confor-
mers in crystals, the formation of inter- and in-
tramolecular hydrogen bonds, and the thermody-
namic tendency towards low energy and high en-
tropy.

2.4. Phase transformations in the solid state

Studies of phase transformations in the solid state
are important, because the sudden appearance or
disuppearance of a crystailine form can threaten
process development, and can lead to serious phar-
maceutical consequences if the transformation occurs
in the dosage forms. Hence, an understanding of the
kinetics and mechanism of phase transformations is
of practical importance. The rearrangement of mole-
cules into a new structure during phase transforma-
tion may or may not involve a solvent or vapor
phase. To cxplain the mechanism of solid—solid
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al. [2]ihave reviewed briefly the aspect of poly-
morphic interconversions and the factors affecting
the transformations. In one study, the contribution of
hydrogen bonding to the a — [ phase change of
resorcinol has been detailed [46]. The o form is
more stable than the 8 form at room temperature, but
is less dense than the P form. The transition of
a—B' at an estimated transition temperature of
337+] K is accompanied by an increase in crystal
density, with the structure shifting from an open
array of molecules (linked through hydrogen bond-
ing) to a denser structure resembling molecular

10 S.R. Vippagunta ef al. | Advanced Drug Delivery Reviews 48 (2001) 3-26
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Fig. 4. Comparison of confermational cnergics and crystal ener-
gics of the various poiymorphs of 5-methyl-2-[2-(nitro-
phenyl}amino]-3-thiephenecarbonitrile (11). Form R (ted prisms,
m.p. 106.2°C), form Y (yellow prisms, m.p. 109.8°C), form OP
(orange plates, m.p. 112.7°C), form ON (orange needles, m.p.
114.8°C), form YN (ycllow needles, m.p. not measurable) ([42],
reproduced with the permission of the American Chemical Socie-

ty).

physical transition, four steps have been proposed:
(a) melecular loosening in the initial phase; (b)
formation of an intermediate solid solution; {c)
nucleation of the new solid phase and (d) growth of
the new phase [2]. In an interesting study,
Skwierczynski [44] has proposed a two-environment
model to describe the decomposition reaction kinet-
ics of a crystalline solid, aspartame. The decomposi-
tion reaction of aspartame is a simple unimolecular
thermally-induced aminolysis and the reaction
proceeds under anhydrous conditions, i.e., water is
not a reactant [45), This model links the chemistry of
the solid-state reaction with the molecular mobility
of the reactant as the reaction proceeds. The advan-
tage of this model is that it can be used to determine
the shelf life of a product from kinetic data gathered
at eclevated temperatures. Apart from solid-solid
physical transformations, solution-mediated physical
ransformations among polymorphs are also known
to occur in processes, such as wet granulation and
during dissolution testing.

While the majority of studies have probed the
equilibrium propetties of polymorphic and solid-state
solvated systems, relatively few have been concerned
with the dynamics of phase transformation. By et

crystals. Through the use of a simple potential
mode], it was concluded that, during the phase
transformation, the energy of the hydrogen bonds
decreases along with the extent of such bonding. The
energy liberated by this process is almost offset by
the erihanced Van der Waals energies associated with
the increase in crystal density, and consequently the
transition enthalpy is rather small. Accompanying
the shifts in hydrogen bonding is a number of
effective proton transfers, altering the covalent and
ionic portions of the crystal. It was also learned that
the increase in entropy produced from the redistribu-
tion of protons was of the same order of magnitude
as the entropy of the phase transition.

A, number of spectroscopic techniques have been
used to study the processes associated with a poly-
morphic  transition of  2-(2,4-dinitrobenzyl)-3-
methylpyridine [47]. The two interconverting struc-
tures coexisted over a temperature range of at least
8-9°C. The phase change was associated with a
molecular tautomerization that translated through the
co]]t:ctwe changes of a large number of molecules,
yielding domains having definite short-range order.
The slowly evolving spectroscopy that took place
above the transition temperature was interpreted as
the ‘annealing of domains into a long-range ordered
system. The process of phase transformation ap-
peared to consist of an initial fast redistribution of
the, mole ratio of the coexisting phases, followed by
a much slower process involving a macroscopic
re[axanon of the system. Although local thermo-
dynamtc equilibrium was thought to exist in in-
dividual domains, the magnitude noted for the tem-
perature range of the phase transition was proposed
to arise from nonequilibrium conditions existing
amjong the various types of domain.
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A combination of solid-state '*N-NMR spectros-
copy and X-ray crystallography was used to study
polymorphic transitions in an azobenzene dyestuff,
2'-acetamido-4'-[N,N-bis(2-methylcar-
bonylethyl)amino]-4-nitroazobenzene (Scheme 1,
structure 111} {48]. This work established that the
structure of one polymorph was disordered, and that
the process of phase transformation entalled a crank-
shaft-type motion of the azo linkage. The ORTEP
plots of the two molecular conformations for the
X-ray structure determination of structure 11 at 293
K are shown in Fig. 5, Selective polarization inver-
sion and band shape-fitting experiments were used to
deduce the thermodynamic parameters of the ex-
change process.

Raman spectroscopy was used to study the effect
of pressure on tho phase transitions in hexa-
methylbenzene and hexa(methyl-d, Ybenzene [49].
The form I1-»form III transition of the partially
deuterated substance was found to take place at a
lower pressure relative to that of the analogous
hexamethylbenzene compound, which was attributed
to differences in the energies of the intramolscular
methyl torsional vibration in the two crystal forms,
In another study performed by the same group, the
effects of both temperature and pressure on the phase
transitions of tetrafluoro-1,4-benzoquinone were con-
sidcred [50]. In this system, the changes in cp-

Fig. 5. ORTEP plots of the two molecular conformations (1 and
2) for the X-ray structura determination of 2*-ncctamido-4'-[¥.N-
bis(2-mathoxycarbonylethyl Jamino]-4-nitronzobenzene (Schome |
Structure) at 293 K. Thermal ellipsoids are shown at 30% [or
clarity, with conformer 2 being represented by the solid lines and
Conformer 1 by the dotted lines ([48]), reproduced with the
permission of the American Chemicul Socicty).

vironmenta! conditions were found t¢ influence a
number of intermolccular and intramolecular vibra-
tional modes, yielding conformational changes that
in turn produced the observed phase transitions,

2.5. Prediction of polymorphs

The main challenge in managing the phenomenon
of multiple solld forms of a drug is the inability to
predict the number of forms that can by expected in a
iven case. This prediction would Involve quantifica-
tion of the myriad intermolecular forces within any
proposed crystal structure as well as the ability to
postulate the likely packing wmodes for a given
molecule in all its comfigurations [10]. Acecurate
theoretical prediction of polymorphs from studies of
molecular dynamics and crystal structurc generation
would be of outstanding iinportance in drug research
[36}.

More rescarch is now being directed towards
developing computational tools to understand the
nature of polymorphism and to predict polymorphic
forms at an carly stage in the drug development
process. The recent developments in computational
chemistry allow the prediction of possible poly-
morphic forms based only on the molecular structure
of the drug, The Polymorph Predictor, from Molecu-
lar Simulations, Is currently the only commercial
software package that can predict the possible poly-
morphs of an organic compound from its molecular
structure [51]. The package developed by Karfunkel
and co-workers [52—54] uses a Monte Carlo simu-
lated annealing approach to generate thousands of
possible crystal packing alternatives for a given
molecule. Each of the unique erystal structures is
then subjected to a lattice energy minimization to
obtain the relative stability ranking of the various
packing possibilities and the resulting lowest-energy
strugtures are the potential polymorphs. This method
has been successfully employed to gencrate known
polymorphs of primidone (Fig. 6A and B) and
progesterone, starting from the molecular structures
alone [55]. It has also been used to predict poly-
morphs for a range of small molecules and to predict
unknown polymarphic structures of 4-amidinoin-
danone guanylhydrazone, a selective inhibitor of S-
adenosyimethionine decarboxylase [56], and of as-
pirin [57].
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Fig. 6. Comparison of the crystal structure of primidone A (A)
versus the most likely packing arrangement, frame 7 (B) ([55].
reproduced with the permission of Elsevier Science).

The thcoretical predictions of lattice energics,
entropies, morphologies and polymorphs should
stimulate experimental activities and vice versa. The
current crystal-modeling cfforts have the potential of
producing more quantitative tools for bridging struc-
tures and properties, which could help in creating
solid forms with desired properties [22]. There arc
many limitations in using computational methods for
predicting polymorphs theoretically. The first limita-
tion is that the ab initio screening is usefu! only for
nonionic rigid molecules. For more complex sys-
tems, the method is very useful for generating
plausible crystal structures, but it is not accurate
enough to determine which of these possible struc-
tures can actually be crystallized [58). In addition,
the limitations in computer power can restrict the use
of this method for predicting polymorphs of complex
molecules. An issuc of concern is that the existing
methods only predict the lattice energics, which
relate to internal energies or enthalpies of the
crystals. However, the relative thermodynamic
stability of polymorphs is determined by the Gibbs
free energy, which is a linear function of both
enthalpy and entropy. Predictions of the relative
stability of polymorphs will be more accurate when
the entropies, as well as lattice energies, are consid-
ered, Application of molecular dynamics may enable
the entropies to be calculated. Hence, no general
methed is currently available for the prediction or
interpretation of the properties of complicated poly-
morphic or pseudopolymorphic systems.

2.6, Directing the crystallization of specific
polymorphs

Complementing the different computational meth-
ods for predicting the stable polymorphs of a given
compound, various experimental methods are also
being employed cxtensively to control the type of
polymorph formed during the crystallization process.
Many studies have reported the role of additives in
controlling the outcome of the crystallization pro-
cess. SBome of the preselected additives are capable
of inhibiting the nucleation and/or growth of the
unwanted polymorphs. For the first time, the role of
reaction by-products in controlling polymorph ap-
pearance of a drug has been reported [59]. This drag
is sulfathiazole that is known to exist as polymorphs,
forms I, I, TII and 1V, that differ in the hydrogen-
bond network. Form I was found to be different from
the other threc forms as a result of a different
hydrogen bonding at the aniline moiety of the
molecule. From studies of the hydrogen-bonding
pattern, it was predicted that the ethamido derivative
of sulfathiazole could selectively control the forma-
tion of form I over other forms by entering the
growing face of form 1 without disrupting the
structure (Fig. 7a). Because a similar effect was not
possible with the other forms, incorporation of the
ethamido derivative in the other forms should inhibit
their growth (Fig. 7b). Experimentally, it was shown
that the ethamido by-product stabilized form I over
the other polymorphs. This study clearly shows that
the combination of crystal morphology and the
hydrogen-bond network analysis of the differcnt
polymorphs offer a new and powerful approach to
understanding and controlling polymorph appearance
and stability in the presence of additives.

A similar approach was also applied to stabilize a
metastable o conformational polymorph of L-
glutamic acid using additives [60]. Methods such as
DREIDING and TRIPOS force fields were used to
seldct appropriate additives which could mimic the o
and B conformations. Four additives were chosen for
this study of which two were present exclusively in
the B conformation and theoretically should selec-
tively inhibit the crystallization of the B phase and
thus stabilize the metastable a phase. Experimental-
ly, it was proven that the additives, by virtue of their
conformation, were able to selectively inhibit the
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Fig. 7. Possible binding interaction of ethamidosulfamide in the fastest growing faces of (a) form 1 and (b) form 1V of sulfathiazole {[59),

reproduced with the permission af Elsevier Soienca).

appearance of the stable B polymorph of 1-glutamic
acid by interfering with either the nucleation rates or
the growth rates and thus stabilize the metastable
form. These studies demonstrate clearly that the
molecular packing and intermolecular hydrogen
bonds are the main featurcs, which make possible the
conformational discrimination. The use of conforma-
tional mimicry to stabilize the metastable structures
of conformational polymorphs now offers a powerful
tool for the prediction and deveclopment of robust
processes for the control of polymorphic systems.

2.7. Characterization of polvmorphs using a
combination of analytical technigues

The common techniques often fail to differentiate
definitively between (wo structurally similar poly-
morphs. Hence more advanced techniques or a
combination of technigues need to be used to avoid
errors of interpretation and in the identification of
polymorphs [24]. Combinations of techniques are
being employed currently for the characterization of
crystalline pharmaccutical solids. For example, con-
ventional single-crystal X-ray diffractometry and
polarized microscopy were of no use in distinguish-
ing the two forms 1 and II of roxifiban, a very
promising cardiovascular drug, becausc of the rela-
tively small crystallite sizes of the polymorphs.
Hence, transmission electron microscopy (TEM) and

synchrotron X-ray diffraction tcchniques were em-
ployed to characterize the unit cells of the two forins,
By coupling the highly resolved synchrotron powder
X-ray diffraction data shown In Fig. B, with in-

10 N N
{n)
4
]
18 . e .
§ {b)
o
-
[4] 12 . ) [2 ] 0]
Q.1

Fig. 8. A partial comparison of {8) a synchrotron paticmn of
polymorph 1l of roxifiban, collected using o wavelength of
1.00006 A with (b} a conventiona) X-ray diffraction pattern using
CuKe radiation in a region where there are many overlapping
peaks. The pattemns are plotted as & function of Q= 2n/d=4dn
sin 6/A 10 remove the effeets of different wavclengths ([61],
reproduced with the permission of the American Pharmaceutical
Assouvistion),
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formation obtained from TEM diffraction patterns,
the unit cell parameters of the two forms of roxifiban
were determined [61]. Similarly, the three modi-
fications, 1, II and 11, of the nonsteroidal antiinflam-
matory drug, tiaprofenic acid, could not be dis-
tingutshed by the two traditional spectroscopic meth-
ods, FTIR and F1-Raman spectroscopy. The modi-
fications can only be distinguished by a combination
of thermoanalytical and powder X-ray diffractomet-
ric methods [62].

Another example, to which a combination of
techniques has been successfully applied to identify
the various conformational polymorphs of a drug, is
the characterization of the solid forms of neotame
[29]. Neotame, N-(3,3-dimethyibutyl)-L-aspartyl-L-
phenylalanine methyl ester, a new high-potency
swectener exists in the following phase-pure crys-
talline forms: monohydrate, the most stable crys-
talline form of neotame under ambient conditions, a
methanol + water solvate [63], a methanol solvate
[64], an amorphous anhydrate [29] and a crystalline
anhydrate (form A; [65]). The authors conducted a
systematic study of the conversion of the monohy-
drate under vacuum to a mixture of anhydrate forms
followed by the reconversion of the anhydrate to the
monohydrate upon exposure to moisture under am-
bient conditions. No significant changes were ob-
served in the powder X-ray diffraction patterns
during part of the reconversion process, suggesting
that no change in lattice structure had occurred.
However, the solid-state *C-CP-MAS NMR spectra,
indicated the presence of several forms of neotame
during the reconversion (Fig. 9). This discrepancy in
the results between the two techniques was attributed
1o the conformational change of neotame molecules
during reconversion, without significant change in
unit cell parameters. This example indicates that both
solid-state ''C-CP-MAS NMR spectroscopy and
powder X-ray diffractometry are needed to analyze
mixtures of solid forms of conformationally flexible
molecules, such as neolame.

A combination of solid-state "*C-NMR spectros-
copy and single crystal X-ray diffractometry also has
been used to examine the solid-state tautomerism of
acetohexamide [66,67]. Polymorphism of the anti-
diabetic drug acetohexamide has been investigated
by numerous techniques. On the basis of FTIR data,
form A of acetohexamide has been proposed to exist

1255
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Fig. 9. Resonance signal of the pheny] carbon (C-15) attached to
the slde chain in the “C-CP-MAS NMR spectra of neotame
anhydrate: (a) sample generated by placing the original monochy-
drate under vacoum (~ 1| Tort) for 3 days; (b—c} sample after
being sealed in a jar for 2, 4, 6 and B days, respectively; (f)
sample after being exposed o a relative humidity environment of
84%for 12 days ([29], reproduced with the permission of the
American Chemical Society).

in the enol-tautomeric state, whereas form B has
been proposed to be in the keto-tautomeric state,
Using NMR and crystal structure data it was firmly
established that both these acetohexamide polymor-
phic forms are present in the keto-form. Hence the
combination of solid-state NMR spectroscopy and
X-ray crystallography provided strong evidence that
both forms of acetohexamide exist in the keto-
tautomeric state and are truly polymorphic.
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3. Recent advances in the identification and
characterization of hydrates and solvates

3.1, Introduction to solvates and hydrafes

It has been estimated that approximately one-third
of the pharmaceutically active substances are capable
of forming crystalline hydrates [68]. The water
molecule, because of its small size, can easily fill
structural voids and because of its multidirectional
hydrogen bonding capability, is also ideal for linking
a majority of drug molecules into stable crystal
structures [2]. The mere presence of water in a
system is not a sufficient reason to expect hydrate
formation, because some compounds, though they
are soluble in water, do not form hydrates. It is the
activity of water in the medium that determines
whether a given hydrate structure will form. Solvatcs
may be formed when a pure organic solvent or a
mixture of solvents is used as the solvent for
crystallizing the compound. Guillory [69) has dis-
cussed the various methods of preparation of hy-
drates and solvates in detail. Becausc solvatcs be-
have similarly to hydrates, common analytical tech-
niques can be used for characterization of solvates
and hydrates,

3.2. Structural aspects

Crystalling hydrates, based on their structure may
be classified into threc categorics. The first category
(class 1) are the isolated site hydrates, where the
waler molecules are isolated from direct contact with
other water molecules by intervening drug mole-
cules, e.g., cephradine dihydrate. The second cate-
gory (class 2} are channel hydrates where the water
molecules included in the lattice Jie next to other
water molecules of adjoining unit cells along an axis
of the lattice, forming channels through the crystal,
e.g., ampicillin trihydrate. The channel hydrates can
be subclassified into two subcategorics. One category
comprises the expanded-channel or nonstoichiomet-
ric hydrates, which may take up additional moisture
in the channels when cxposed to high humidity and
for which the crystal lattice may expand or contract
as the hydration or dehydration proceeds effecting
changes in the dimensions of unit cells, c.g.
cromolyn sodium. The other subcategory comprises

the planar hydrates, which are channel hydrates in
which water is localized in & two-dimenslonal order,
or plane, e.g., sodlum ibuprofen. The third category
(class 3) of crystalline hydrates are the ion-associated
hydrates, in which the metal ions arc eoordinated
with water, e.g,, calterldol calcium [8,9].

In this section, some examples of nonstoichiomet-
ric hydrates and their characterization will be dis-
cussed in detall because these forms pose a special
challenge in desage form development due to unpre-
dictability of water content in the ¢rystals. Following
the work of Cox et al. [70] the unusual water uptake
and formation of nonstoichiometric hydrates of
cromolyn sodium was reinvestigated using single
crystal X-ray diffractometry, PXRD, as well as by
molecular modeling [71}. Cromolyn sodium, an
antiasthmatic drug, exists as two liquid erystalline
phases and o crystalline hydrate phase that sorbs and
liberates water continuously and reversibly to give a
continuous range of nonstoichiometric hydrates [70].
The changes in the PXRD patterns of the crystalline
hydrate phase of cromolyn sodium in response to the
surrounding relative humidity {RH) were explained
in the light of the molecular and crystal structure of
cromolyn sodium. Single crystal X-ray diffrac-
tometry indicated the space group for cromolyn
sodium as P1, a chiral space group, even though the
molecule itself is achiral. The crystal structure of
cromolyn sodium with five or six water molecules
per cromolyn sodiun melecule, solved at room
temporature by Hamodrakas et al. [72], revealed the
positions of only one sodium jon and two water
molecules and showed that the second sodium ion
and the other water molecules are disordered. Re-
cently, the single crystal structure of cromolyn
sodium at 76% RH, with 6.44 molceules of water
was solved at 173 K by Chen et al. [71]. This work
showed that the second undetermined sodium ion is
disordered over three sites and that four of the cight
water positions are partially occupled. Comparison
of the crystal structures determined by Hamodrakas
ot al. [72] and Chen et al. [71] indicated that the
cromolyn anion is flexible. In particular, the bond
and torsional angles of the 2-hydroxypropane linking
the two cyclic moieties, changed to accommodate
lattice expansion or contraction resulting from water
sorption and desorption by the crystals. As water is
taken up, the relative occupancies of the sites of the

=2
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second sodium ion and that of water molecules
change. As a result, the triclinic structure with o >
90° approaches the monoclinic form with @ = 90°.
To summarize, the presence of large water channels,
the flexibility of the 2-hydroxypropane link, the
disorder of the sccond sodium ion (Fig. 10} and the
disorder of the surrounding water molecules in the
crystal lattice explain the reversible and nonstoich-
iometric water sorption and desorption by cromolyn
sodium. This study emphasizes the importance of the
detailed single crystal structure in explaining many
unusual physico—chemical properties of drug hy-
drates.

The muscarinic agonist, LY297802 tartarate {i.e.,
( + )-3-[3-(butylthio)-1,2,5-thiadiazol-4-yl]-1-
azabicyclo[2.2.2]octane monohydrogentartrate}, was
also found to exhibit an unusual tendency to form
nonstoichiometric hydrates of variable, but specific
composition, ranging from 0 to 0.5 mol of water
[73]. Solid-state "*C-NMR spectroscopy, in conjunc-
tion with moisture sorption analysis and X-ray
crystallography was used to provide unique insights
into nonstoichiometric moisture sorption behavior.
The PXRD patterns of the drug exposed to different
RH values {0 to 75%), indicated neither a peak shift
nor the presence of any new peaks, suggesting that
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the anhydrous and the hydrated forms of the drug are
isomorphic. Fig. 11 shows the significant changes in
the SSNMR peaks on exposure to different refative
humidities and temperature, indicating that water
incorporated into the crysta! lattice changes the local
chemical environment and causes the observed NMR
chang¢s. The incorporation of water into the crystal
lattice of the drug was also confirmed by X-ray
crystallography. The considerable hygroscopicity of
the drug was rationalized in terms of the similar
crystal structures of the hydrated and nonhydrated
forms, and hence no significant structural modi-
fications arc needed for the reabsorption of water
into the solids. The rates of dehydration and rehydra-
tion dre largely determined by the size of the water
channels and the strength of the hydrogen-bonding
interactions that bind the water molecules in the
channels.

Another interesting study with different solvated
form of (-lysine monohydrochloride (LH) was
conducted by Bandyopadhyay ct al. [74]. LH was
found to form: a pure methanol solvate at water
activity, a,, < 0.34, with methanol activity, a_ > 0.7;
a dihydrate at g,> ~0.65 with g, <045; and
mixed solvates at intermediate values of @, and a_.
It was found that the dihydrate and the mono-
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Fig. 10. In hydrated cromolyn sodium, coordination environment of: (a) th'e first (ordered) sodium ion, Na(1), shown in two neighboring
unit cells (A and B); and the second (disordered) sodium ion at the three pm1|a11y occupied sites, {b) Na(2), (c) Na(3), and (d} Na(4). The
striped circles represent the sodium sites. The open circles represent the oxygen atoms coordinated to Na(1). The dotted (gray) circles
represent the oxygen atoms coordinated to Na(2), Na(3), or Na(4) ([71], reproduccd with the permission of the American Pharmaceutical

Association).
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Fig. 11. Solid-state '"C-NMR spectra of LY297802 tartrate {{ + )+
3-{3-(butylthiv)-1,2.5-thindinzol-4-y1]-1-azabicyclof2.2.2)octane
monohydrogentartrate} after storage at 0% humidity and before
and after drying at clevated temperatures ([73], reproduced with
the permission of the American Pharmaoceutical Association).

methanol solvated forms of LH possessed similar
crystal structures, similar PXRD patterns, but dif-
fered in the crystal habit. The crystal structures of
LH hydrate and methanoi solvate indicate that one
molecule of methanol in the methanol solvate oc-
cupies approximately the same volume as the {wo
water molecules in the dihydrate, During dehydration
in the presence of methanol in the crystallization
medium, the loss of one or more water molecules
from the crystal lattice was compensated by the
gradual uptake of methano! into the crystal structure
to satisfy the hydrogen bonding paitern within the
lattice with minor rearrangements, giving rise to
mixed solvates. The similarities of the crystal lattices
of the dihydrate and monomethano! solvate explain
the similarity of the PXRD patterns.

3.3. Phase transformation of hydrates and solvates

Phasc changes due to hydration/dehydration and
solvation/desolvation of pharmaceutical compounds
during processing or in the final product may result
in an unstable system that would effect the bioavail-
ability of drug from solid dosage forms. Various
typos of phase changes are possible in solid-state
hydrated or solvated systems in respense 1o changes
in environmental conditions, such us relative humidi-
ty, temperature and prossute. For gxample, some
hydrated compounds may econvert to an amorphous
phase upon dehydration and some may convert from
a lower to a higher state of hydration yielding forms
with lower solubility. Alternatively, a kinetically
favored but thermodynamically unstable form may
be converted during pharmaceutical processing to a
more stable and less soluble form [8). The phase
transitions in hydrates and solvates can ocour at
various stages of dosage form development. Morris
[9) has discussed the behavior of hydrates during
processing, handling and storage of formutations in
detnil.

The phase transformations associated with expo-
sure to water, such as during solubility measure.
ments, wet granulation processes, dissolution studies
and accelerated stability tests are likely to occur via
solution mediation. Solution mediated phasc trans-
formations depend upon the solution phase to pro-
vide the mobility necossary to rcarrange in the most
stable form and hence are much faster than solid-
state transformations. The rate of a solution-mediated
transformation is proportional to the sojubility of the
species involved, Temperature, pressure and relative
humidity may increase the rate of phase transforma-
iton of hydrates by inducing mobility in the system.

Solution-mediated phase transformations have
been reportcd for many hydrate systems, such as
theophylline crystals [17], eprosartan mesylate [75]
and nedocromil sodium [76). Ghosh and Grant [77]
have addressed a common problem associated with
the characterization of solvates which centers around
the determination of solubilities of solvates and of
nonsolvates that undergo phase transformation in the
presence of an interacting solvent, such as solvation
of nonsolvates in the solvent of crystallization or the
desolvation of solvates in water. A thermodynamic
cycle analopous to Hess’s law but based on free
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energies has been developed to predict the theoretical
solubilities of 12-dialkyl-3-hydroxy-4-pyridones,
which form 1:1 formic acid solvates in the presence
of formic acid, and of the 1:1 formic acid solvates
which produce the corresponding unsolvated com-
pounds in the presence of water. A good correlation
was obtained between the solubility values measured
by the standard extrapolation method and that calcu-
lated by means of the thermodynamic cycle.

Apart from identifying and characterizing the
phases during various stages of drug development, it
is very important to gain an understanding of the
dehydration/hydration mechanisms and kinetics.
Many models have been devetoped to account for the
dehydration kinetics of the crystalline hydrates [78].
Nucleation is the most significant phenomenon in
determining the transformation kinetics, that is, the
rate of formation of a new phase [8). The dehydra-
tion kinetics to some extent will also depend upon
the class of the hydrate system to which the drug
belongs, particle size and morphology. The practical
applications of understanding the dchydration kinet-
ics, as indicated by Morris [9], are mainly the
determination of the conditions for allowable expo-
sure of bulk drug substances during development and
processing, proper packaging, allowable temperature
ranges for shipping, storage, and labeling of the final
product, and the initial selection of a form for
development.

3.4, Prediction of the formation of hydrates and
solvates

Predicting the formation of solvates or hydrates of
a compound and the number of molecuies of water
or solvent incorporated into the crystal lattice of a
compound is complex and difficult. Each solid
compound responds uniquely to the possible forma-
tion of solvates or hydrates and hence generalizations
cannot be made for a series of related compounds,
Certain moiecular shapes and features favor the
formation of crystals without solvent; these com-
pounds tend to be stabilized by efficient packing of
molccules in the crystal lattice, whereas other crystal
forms are more stable in the presence of water
and/or solvents. There may be too many possibilities
so that no computer programs are currently available

for predicting the crystal structures of hydrates and
solvates.

3.5. Characterization of hydrates and solvates

Th¢ commen methods for the characterization of
hydrates and solvates are polarized light microscopy
and hot stage microscopy, DSC, TGA, Karl Fischer
titrimetry, single-crystal X-ray diffractometry, pow-
der X-ray diffractometry, and infrared spectroscopy.
These methods have been reviewed in detail [21] and
will also be discussed in detail in later chapters,

Pressure DSC is gaining increasing popularity in
the study of solvates and hydrates where dehydration
reactions occur above or near the boiling point of
water. Using conventional DSC, it is very difficult to
measurc the heats of dehydration and heat of vapor-
ization separately, but if one conducts DSC experi-
ments at elevated pressures, the two processes may
be dompletely separated. The advantage of using
pressure DSC is that the pressure can be precisely
controlled and the solids can be subjected to a
controlled temperature program while under substan-
ually elevated temperatures. The influence of ele-
vated pressures on the solid-state behavior of car-
bamazepine dihydrate was studied by Han and
Suryanarayanan [79]. In Fig. 12 it is shown that
pressure DSC can separate the dehydration and
vapbrization endotherms of carbamazepine dihydrate
during its conversion to the anhydrate form. Also the
technique permitted the water liberated on dehydra-
tion to remain in intimate contact with the anhydrous
phase formed which could significantly influence its
solid-state properties.

The combined physical analytical techniques of
thermograwmetry and infrared spectroscopy (TG/
IR) ¢can pemit identification of the solvent incorpo-
ratéd into the crystal lattice. This combined tech-
nique has been used to study formulated products,
such as capsules and tablets [80].

4.,;Currcnt challenges and future directions

i’

4.1. Origins of the challenges

A series of flow charts and decision trecs have
been presented and discussed [11,22] that can be
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Fig. 12, Differentinl scanning calorimetry {DSC) curves of car-
bamazepine dihydrate at different progsures: (8) at atmospheric
pressure in a conventional DSC cell, (b) at atmospheric pressure
in & pressure DSC (PDSC) cell, (¢} 100 p.s.i., (@) 200 psd., (&)
300 ps.i., (f) 400 psi., and (g) 600 psi. (1 psi =69 kPg)
([79], reproduced with the permission of Elsevier Science),

used by investigators to characterize the polymorphs
and solvates of compounds under development or for
registration with regulatory authorities. Due to the
complex and nonconventional behavior of various
organic drug molecules, there are many opportunities
for research and development in the arce of charac-
terization of polymorphs and solvates. Some of the
problems which are commonly encountered during
characterization of crystalline solids and which need
to be addressed are: disorder in the crystal lattice due
to pharmaceutical processing leading to conversion
of a crystalline phase to an amorphous material or
phase conversion from one form to the other;
quantitating the amount of single polymorph in a
mixture of polymorphs; identifying the solid form of
the active ingredient in the formulated product,
particularly when the drug is & minor component in
the presence of numercus other materials {excipi-

ents); and the issues of disappearing polymorphs and
the appearance of new polymorphs. In the following
sections we will address some of those issucs and
some of the studies that have addrossed these
problems,

4.2, Phase transformations during processing

The effects of pharmaceutical processing on the
crystalline state of drug polymorphs and solvates
have been discussed recently by Brittain and Ficse
[16]. Exposure to changes in temperalure, pressure,
relative humidity and comminution arc encountered
during processes such as drying, granulation, mitling
and compresslon. The stresses applied to crystals
during pharmaccutical processing can cause defects
in their crystal lattices, and contribute (o lattice
disorder, thus affecting the physical properties of the
resulting powder [81). This problem has been dis-
cussed in detail by Bym et al. [10]. Arising from
different degrees of crystalline disorder, the difficulty
in reproducing materials with the same properties is
a major concern in the pharmaceutical industry.

Milling, the last processing step in the production
of bulk drug substance to reduce particle size, is
often accompanied by a decrease in crystallinity due
to the creation of lattice defects, beginning ot the
surface, The defects created by mechanical activation
of tho solid on the surface can migrate, transform,
and chango their number and nature. If the defects in
the mechanically activated crystal heal to produce a
crystal lattice different from the initial lattice, then a
polymorphic transformation has taken place. Milling-
induced molymorphie changes have been obscrved
for many small drug molecules, such as fostedil,
chloramphenicol  paimitate, indomethaein  and
phenylbutazone [16]. Polymorphic transformation of
the dipeptide sweetener, aspartame hemihydrate, can
accur during milling [82]. Polymorph II of aspartame
hemihydrate was found to transform to form ! during
ball-milling or on heating for 30 min at 160°C in the
presence of steam s shown in the X-ray diffraction
pattern (Fig. 13). The susceptibitity of form I of
aspartame hemihydrate to transform to form 1 has
been attributed to the less symmetric crystal structure
of form 11 compared to that of form I as studied by
spectroscopic methods,

Some authors, such as Hiittenrauch [81] have

43
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Fig. 13. Powder Xeray diffraction patterns of aspartame
hemihydrate: (a) theoretical powder pattern calculated from the
crystal structure of aspartame hemihydrate (form [) deterniined by
Hatada ¢t al., (1985) [99), (b} experimental powder pattern of the
ball-milled aspartame hemihydrate (form 1), {c) experimental
powder pattern of aspartame hemihydrate that had been heated for
30 min at 160°C in the presence of steam (form 1), (d) experimen-
tal powder paltern of aspartame hemihydrate after compression at
250 MPa for | min (form 11}, and (e} aspartame hemihydrate as
received (form 1) ([32). reproduced with the permission of the
American Pharmaceutical Association).

suggested that the trauma to crystals during grinding
may lead to a decrease in crystallinity, which should
improve the compression capacity and dissolution
ratc of the drug molecules. This hypothesis was
tested by studying the morphology, crystalline state,
compression capacity and dissolution properties of
native and ground crystals of aspirin and lactose
monohydrate [83). No significant increase in com-
pression capacity was observed when native and
ground crystals were compared. Only a slight in-
crease in the dissolution rate was observed for
ground aspirin crystals which was atiributed to
surface defects due to grinding resulting in improved
crystal wetting,

The effect of roller compaction on lattice defects
and phase change has been examined for aspirin
[84]. The water vapor sorption isotherm obtained for
aspirin on roller compaction indicated much more

water uptake than had been reported previously for
other crystalline samples of aspirin under similar
conditions. Various possibilities were suggested for
the unusual water uptake of aspirin on roller compac-
tion, such as formation of a polymorphic form of
aspirin with a much greater affinity for water,
formation of a crystalline hydrate in the aspirin
sample, or significant reduction in particle size of the
aspirin particles thereby providing an increased
specific surface area for water vapor adsorption. It is
also possible that roller compaction disrupted the
crystalline order of some part of the aspirin crystals
forming amorphous regions, which then take up
relatively large quantitics of water into their bulk
structure. This example clearly indicates that pro-
cesses, such as roller compaction, can introduce
considerable disorder in the surface of crystals
leading to a marked increase in the tendency to sorb
water vapor,

Thermal activation, like mechanical activation
durifig processing, also results in a high-energy state
of crystals that may reorganize into a different lattice
arrangement resulting in a phase change. The ther-
mal stability of drug substances is important, because
formulations are often dried at elevated temperatures
aftet wet granulations so that the tablets may contain
small regions of high temperawre (hot spots) during
compression. Various exumples have shown that a
change of temperature may influence the stability of
drug molecules [16]. The effect of low temperatures,
sucﬁ as during frecze—drying, on the crystalline form
of the drug has also been studied. The formation of a
new marnmnitol hydrate during freeze—drying has been
reported [85]. The formation of a crystalline hydrate
by an cxcipient during freeze—drying may have
several practical consequences, such that the difficul-
ty of removing bound water from the crystal lattice
can significantly limit the drying rate, while the
residual water that is not removed by frecze-drying
may be a potential threat to product stability if it is
released during storage. The mannitol hydrate
formed during freeze—drying survived the typical
drying cycle and converted to the anhydrous poly-
morph of mannitol upon heating.

Spray drying has also been shown to lead to loss
of crystallinity in materials, by a combination of
processes involving rapid solidification of dissolved
material and solid-state transitions due to milling
effects in the atomiser. Spray drying leads to conver-
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sion of a crystalline phase to an amorphous state and,
because the amorphous state is metastable with
respect to the crystalline form, phase transformations
are likely to occur within the shelf life of the
pharmaceutical product, resulting in loss of quality
and potency in the produet [86].

In view of the significant effects that the stato of
disorder in crystalline solids caused by pharmaceu-
tieal processing can have on the properties of
pharmaceutical sollds, it is important to be able to
assess the extent of disorder in a solid quantitatively
down to very low icvels. Various methods have baen
used to mcasure the percent disorder, such as using
predetermined mixtures, measurements of X-ray
powder diffraction, density and heats of erystalliza-
tion which revealed limits of detectability down to
about 10%. Using water vapor sorption measures
ments under very carefully controlled conditions, it
was possible to detect disorder as low as 1% in
milled samples of sucrose [87). A comparison of the
four methods mentioned above for estimating the
percent disorder of milled samples of sucrose gave
very consistent results, once the underlying factors
that make these techniques sensitive to the con-
centration of amorphous content were recognized
and taken into account,

4.3, Degree of crystallinity

The previous section has emphasized that many
pharmaceutical processcs lcad {o a decrease in
crystallinity of drug phases. Various studies have
concluded that the formation of amorphous material
during processing is highly undesirable. The amor-
phous material, being in a thermodynamically meta-
stable state, is susceptible to reconversion to the
crystalline state, affecting many physico~chemical
characteristics of the drug. A later chapter provides
detailed coverage of amorphous materials, An esti-
mation of the degree of erystallinity of a sample
before and after procossing poses one of the larger
challenges facing the pharmaceutical field, Powder
X-ray diffractometry is still the commonly used
method for determining the degree of crystallinity,
though this method suffers from some limitations
due to peak broadening, amorphous halo, and pre-
ferred orientation which make interpretation and
quantitation difficult. DSC may not be a sensitive
method for measuring crystallinity due to crystalliza-

tion of the amorphous content at elevated tempera-
tures and the effects of differences in heat capacity.
Solution calerimetry has been proposed as an accur-
ate method for analysis of percent crystallinity
[11,88,89]. A dccrease in the endothermic enthalpy
of solution indicates a decrease in the erystailinity of
the sample. However, differences in surface area
produced by grinding or by other processing tech-
nigues can also rosult in changes in the heat of
welting of u sample. Judicious choice of solvent can
be smployed to reduce such surfuce offects, which
themselves contribute to the observed crystallinity of
the sample,

Near infrared (NIR) spectroscopy is another tech-
nique being used to monsure the degres of crys-
tallinity, and has also proved useful in studies of the
polymorphism and water content of sugars. The NIR
spectrum of a sampie contains both physical and
chemical information. Being noninvasive, nondes-
tructive and operable at room temperature, the
methed is a valuable tool with which to assess
changes in the amorphous and crystalline state of
lactosc [90]. NIR has been used to follow the
changes in the amorphous state, the onset of crys-
tallization, and the changes between w- and B-lac-
tose, which accompany the onsst of erystallization.
In another study, the nucleation and crystallization
kinetics of amorphous lactose was investigated by
gravimetry in an automated vacuum moisture bal-
ance. The combination of isothermal and nonisother-
mal activation cnergics allowed the investigation of
both crystal growth and nucleation mechanisms and
led to the scparation of activation energies for
nuclestion and growth [%1].

4.4. Characterization of mixtures of polymorphs

Another common problem encountered during
drug development is quantitative conirol of the
proportion of polymorphic forms present in a mix-
ture, According to the US FDA regulations, the
method of analysis for the proportion of forms must
be validated, and also the proportion of forms must
remain within stated limits through the retest date of
the drug substance and potentially throughout the
shelf life of the product. This-is n very onerous
requirement, especially if the forms have a tendency
to interconvert. By et al. [11] suggested that the
best way to deal with this problem is probably by
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developing methods to preparc only one crystal form
and maintaining this form throughout processing.
Powder X-ray diffractometry is often a useful meth-
od to delermine the percentages of polymorphs in a
mixture. However, the detcction limit is variable
from case to case, and is sometimes as high as 15%.
Iy is therefore important to develop sensitive ana-
lytical methods with a lower limit of detection.

Attenuated total reflectance {ATR) FTIR spec-
troscopy has been shown to be vaivable for the
quantitative analysis of the polymorphic content of
bulk pharmaceutical materials. The feasibility of
using ATR-FTIR for the qualitative and quantitative
analysis of mixtures of pharmaceutical polymorphs
has been studied using three known polymorphs of
ganciclovir as a model compound [92]. Definitive
identification and quantitation of all three poly-
morphs could be achieved using ATR-FTIR spec-
troscopy in conjunction with partial least-squares
modeling. This technique has many advantages, such
as speed, nondestructiveness, relative ecase of use,
and most important, no sample pretreatment before
measurement.

Raman spectroscopy is another technique that is
being widely used to quantitatively estimate the
percentage of one polymorph in & mixture of poly-
morphs. FT-Raman spectrometry offers many advan-
tages, the most prominent being, minimal sample
preparation, sensitivity to polymorphism, and nonin-
terference  from water. Two polymorphs  of
fluconazole were characterized using FT-Raman
spectroscopy and principal components regression
using cross validation provided quantitative analysis
of the percentage of one polymorphic form in the
mixture of other forms [93]. A novel sample holder
was developed whereby the sample is held in an
NMR tube which is rotated around its axis and at the
same time moved up and down. This method of
samplce presentation leads to a large increase in the
volume studied and is important for inhomogeneous
samples for which sub-sampling is a problem. Pos-
sible degradation of the sample through heating by
the laser can also be avpided [94]).

X-Ray powder diffractometry is still the common
method for the quantitative estimation of polymorphs
in a mixture of polymorphs. This method requires
that at least one high-intensity peak unique to each
form is available for intensity measurements and that

the plot of the peak intensity ratio as a function of
the weight ratio of the components should result in a
straight line. Modemn computer controlied X-ray
powder diffractometers now permit quantitative anal-
ysis of multicomponent mixtures using the complete
powder diffraction profile rather than a limited
amount of low-angle integrated intensity data. Artifi-
cial neural networks (ANNs) in quantitative X-ray
powder diffractometry were used successfully to
identify and quantify the two known modifications of
ranitidine hydrochioride even when the weight frac-
tion of onc pelymorph in the mixture was as low as
0.01 [95]. ANNs have been used mostly in problems
of pattern recognition and modeling, and is therefore
useful in deciphering the pattern in diffraction data
from polymorphic mixtures. The ANNs model pre-
dicted concentration precisely, accurately, and with
minimal bias through a wide range of ratios of the
two known ranitidine hydrochloride pelymorphic
forms in a mixture (Fig. 14). This method minimizes
the problems associated with preferred orientation
and overlapping X-ray lines. The same group of
researchers has shown the potential of ANNs in
corn'tlnination with DRIFT spectroscopy to analyze the
polymorphic purity of crystalline ranitidine hydro-
chlotide as a bulk drug and as an active ingredient of

Prediction (%)

¢ 20 40 &0 8

Percentage of Form 2 (%)

Fig: 14. Predicted concentrations of the two polymorphic forms
(form 1 and 2) of ranitiding hydrochloride by the response surface
mctjmdology (RSM}, a statistical modeling method, and by the
uniﬁcial neural networks (ANNs) method, plotted against meg-
sured percentage of form 2 ([95), reproduced with the permission
of Elsevier Science),
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a tablet formulation. Simultaneous identification and
quantification of all the ingredients in the tablet
formulation was possible. This study has shown that
the complex problem of quantifying a drug in
mixtures containing two or more components with
overlapping spectra can be solved by the DRIFT-
ANNs technique [96).

Another technique, which is gaining popularity in
the quantitative analysis of mixtures of polymorphs,
is solid-statc *C-CP-MAS NMR spectroscopy. This
method was preferred for quantitative analysis of
polymorphic mixtures of the herbicide, pen-
dimethalin, which exists as two polymorphs with
different colors and crystal habits [27]. ""C-NMR
provided the most sgnsitive and definitive evidence
of the transition from the yellow to the orange form.
This method enabled as littlc as 2% of orange
pendimethalin to be determined in a sample consist-
ing mostly of the yellow polymorph. It is the lcast
invasive of the instrumental methods and can be used
to detect the ratio of the two polymorphs in solid
formulations.

A related challenge faced by the pharmaceutical
industry is the determination of the polymorphic
nature of the drug in the presence of excipients in a
dosage form especially when the active drug is
present as a low percentage of the overall formula-
tion [97]. This problem can be addressed by develop-
ing sensitive techniques with lower limits of de-
tection or by using a combination of techniques,

8, Conclusions

In order to save time and cost it is very important
to choosc the most suitable form of the crystalline
drug in the initial stages of drug development, In
recent years o good deal of research has been
directed towards achieving this goal. Systematic
isolation and early characterization of the largest
number of possible forms of a drug reduces the
chances of surprises at the late production stage due
to identification of a new crystalline form or phase
change. With the development of more sophisticated
computational tools, the main focus of many inves-
tigators is to be able to predict all the possible forms
of a drug from its molecular structure. Understanding
the origins of the multiple solid forms of a drug

molecule, either due to differences in packing ar-
rangement or conformation of the molecules, be-
comes the first step in prediction, Single crystal
X-ray diffractometry and solid-state NMR spectros-
copy are two techniques that are gaining increased
application in determining the various crystal struc-
tures and the origins of polymorphism and pseudo-
polymorphism of a particular drug. When crystal
structures can be coloutated with cerainty, it will be
possible to predict the various polymorphs of a
compound and this information could be used 1o
guide experimental studies. This goal may be dif-
ficult to achieve owing to the complex molecular
structures of new organic motecules and the presence
of several molecules in each asymmetric unit, but the
future development of improved force fields and
increased computational speeds, may make it achiev-
able.

Improved experimental methods leading to more
accuratc and detailed phase diagrams are also finding
increased use in determining the stability of various
polymorphs. It is important to make every effort to
prepare and to identify the most stable polymorph in
order to guide the selection of the optimal form for
development. The emergence of sensitive methods
and the use of combination techniques, facilitate the
identification and the more accurate characterization
of the various polymorphs of a drug molecule. One
of the main analytica] challenges faced by the
pharmaceutical analyst is the development of better
quantitative methods for identifying o single poly-
morph in a mixture of polymorphs and for determin-
ing the percontages of amorphous or crystalline
content of the drug. More and more sensitive meth-
ods are being developed to address this problem.

An increased understanding of the phenomenon of
polymorphism should enable pharmaceutical scien-
tists to gain control over the crystallization process in
order to selectively obtain the desired polymorph or
suppress the growth of an undesired one. Phase
changes during processing and scale-up are a prob-
lem, which may be avoided by carefully designed
initial small-scale studies. The availabjlity of detailed
structural data, combined with strategic design of
substrates and additives, has led to significant ad-
vances in the control over the polymorphs obtained
in a particular crystallization [98]. With all the
information available from these initial stdles, it
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should be possible to design and to select processing
conditions which would give a desired polymorph
and maintain the desired form throughout the various
stages of drug processing and manufacture,
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